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INTRODUCTORY SECTION.
2INTRODUCTION.
CHAPTER 1 .
HISTORICAL.
C a ta ly t ic  r e a c t io n s  have heen  re c o g n ise d  s in c e  
th e  days o f  th e  a lc h e m is ts ,  b u t th e y  were f i r s t  s o - c a l le d  
by B e rz e liu s  abou t 1835 ( J a h re s b e r ic h te  f u r  Chemie, 18}6, 
13 , 2 2 7 .) .  The f i r s t  r e a c t io n  in  w hich th e  c a t a l y t i c  
p r in c ip le  was p ro p e r ly  r e a l i s e d  was d isc o v e re d  by 
M rs. Fulhame ("An E ssay on C om bustion", London, 1794; 
M e llo r , J .  P hys. Chem., 1903, 7 , 5 5 7 0 ,  "ho found t h a t  
th e  o x id a tio n  o f  m e ta ls , th e  r e d u c t io n  o f  m e ta l l ic  o x id es 
and th e  com bustion o f  carbon  monoxide a l l  r e q u ir e d  th e  
p resen ce  o f  sm all q u a n t i t i e s  o f  w a te r ,  w hich was n o t 
a l t e r e d  in  th e  r e a c t io n .  The f a c t  t h a t  d i l u t e  a c id s  were 
unchanged in  th e  h y d ro ly s is  o f  s t a r c h  t o  su g a rs  was 
proved  by K irch h o ff  (S ch w e ig g e r 's  J o u rn a l ,  1812, 4 , 1 0 8 .) .
S i r  Humphrey Davy, in  a  com m unication to  th e  
Royal S o c ie ty  in  J a n . ,  1837, s t a t e d  t h a t  when a  p ie c e  o f 
p la tin u m  f o i l  o r  w ire  was warmed and p lunged  in to  a 
m ix tu re  o f  a  com bustib le  gas and a i r  o r  oxygen, i t  became 
in c an d escen t and caused  th e  gas to  b u rn , o f te n  e x p lo s iv e ly . 
He s a id  t h a t  a te m p e ra tu re  much below  th a t  o f  ig n i t io n  
was n e c e ssa ry  ( P h i l .  T ra n s . ,  1817, 107, 7 7 . ) .  T h is  ty p e  
o f  r e a c t io n  was f u r th e r  s tu d ie d  by Henry ( P h i l .  M ag., 1825,
65/
6 5 , 2 6 9 . )  in  a  s e r i e s  o f  rem arkab le  experim en ts  on th e  
s e le c t iv e  com bustion o f  v a r io u s  g ases  in  th e  p resen ce  o f 
p la tin u m . He showed th a t  when a  m ix tu re  o f  eq u a l volumes 
o f  hydrogen , carbon  monoxide and oxygen was exposed to  
p la tin u m  sponge a t  a h ig h  te m p e ra tu re , 80% o f  th e  oxygen 
combined w ith  th e  carbon  monoxide, and 20% w ith  th e  
hydrogen .
These o b se rv a tio n s  by Davy were ex tended  by 
F araday  ( P h i l .  T ra n s .,  1854, 144, 55»)» developed  
views on th e  mechanism o f  c o n ta c t a c t io n ,  w hich even a t  
th e  p re s e n t  tim e a re  no t g r e a t ly  m o d if ie d . He s t a t e s  
t h a t  th e  e f f e c t s  in  q u e s tio n  a re  in c id e n ta l  and o f  a 
secondary  n a tu re ;  th e y  a re  dependent upon th e  n a tu r a l  
c o n d itio n s  o f  gaseous e l a s t i c i t y ,  combined w ith  th e  
e x e r t io n  o f  th e  a t t r a c t i v e  fo rc e  p o sse sse d  by many b o d ie s , 
e s p e c ia l ly  s o l id s ,  in  an em inent d e g re e , and p ro b ab ly  
b e lo n g in g  to  a l l ;  by w hich th e y  a re  drawn in to  an 
a s s o c ia t io n  more o r l e s s  c lo s e ,  w ith o u t undergo ing  
chem ical com bination  a t  th e  same tim e , th ough  o f te n  
assum ing th e  c o n d itio n  o f  ad h e s io n ; and w hich o c c a s io n a lly  
le a d s ,  under v e ry  fav o u rab le  c o n d i t io n s ,  as in  th e  
p re s e n t  in s ta n c e ,  to  th e  com bination  o f  th e  b o d ie s  
s im u lta n e o u s ly  su b je c te d  to  t h i s  a t t r a c t i o n .
The g e n e ra l o p in io n  w hich Faraday  e x p re s se s  i s
v e ry /
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v e ry  c lo s e  to  th e  modern p o in t  o f  v iew , i . e .  th a t  
c a t a l y t i c  a c t io n  i s  c o n d itio n e d  hy a  p re lim in a ry  ad so rp tio n  
o r in c ip ie n t  chem ical com bination  betw een th e  c a ta ly s t  
and th e  r e a c t a n t s .  When he fo rm u la ted  th e s e  co n c lu s io n s  
in  1833-4 , he had c l e a r ly  e s ta b l i s h e d  in  h i s  own mind th e  
g e n e ra l cau ses  and e f f e c t s  o f  what i s  now term ed 
h e te ro g en eo u s c a t a l y s i s .
As a lre a d y  s t a t e d ,  B e rz e liu s  was th e  f i r s t  to  
te rm  c a t a l y t i c  changes a s  su ch . He s tu d ie d  a  number o f 
chem ical changes, th e  mechanism o f  w hich ap p eared  d i f f i c u l t  
to  u n d e rs ta n d  by e x p la n a tio n s  c u r r e n t  a t  t h a t  t im e , and 
su g g es ted  t h a t  th o se  w hich proceeded  in  many c a se s  in  
th e  p resen ce  o f  some s p e c i f i c  a g e n t, and n o t in  i t s  
ab sen ce , were due to  th e  a c t io n  o f  what he c a l le d  a 
’c a t a l y t i c  f o r c e ’ . The p a r t i c u l a r  a g e n ts  w hich e x h ib ite d  
t h i s  fo rc e  he c a l le d  ’c a t a l y s t s ’ , and h e ld  t h a t  i t  was in  
some way a  novel form o r m a n ife s ta tio n  o f  chem ical a f f i n i t y .  
The c o n s id e ra t io n  and c l a s s i f i c a t i o n  o f  c a t a l y s i s  from an 
academ ic s ta n d p o in t how ever, was somewhat con fused  d u rin g  
th e  n in e te e n th  c e n tu ry , b u t modern th e o r ie s  such  a s  p u t 
fo rw ard  by O stw ald ( Z e i t .  E le jrtro ch em ., 1901, 7# 995*)» 
A rm strong ( B r i t .  A ssoc . H ep ., 1885, 9&2; P .B .S . ,  1886, 40, 
2 8 7 .)  and many o th e r s ,  h e lp  to  c l a r i f y  th e  p o s i t io n .
These were o f  two d i s t i n c t  ty p e s ,  nam ely, th o se
w hich/
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w hich r e l i e d  on p u re ly  p h y s ic a l  f a c t o r s ,  and th o s e  which 
assumed th e  in te rm e d ia te  fo rm a tio n  o f  som ething v ery  
s im ila r  to  a  chem ical compound. These r a th e r  d iv e rg e n t 
views have l a t e l y  been more o r  l e s s  combined t o  g iv e  th e  
p re s e n t  a b s o rp tio n  o r  u n s ta b le  in te rm e d ia te  compound 
th e o ry  o f  th e  mechanism o f  c a t a l y t i c  r e a c t io n s .
The most im p o rtan t o f  a  s e r i e s  o f  ’c r i t e r i a ’ o f  
c a t a l y s t s  l a i d  down by O stw ald in  1888 was th e  d e f in i t io n  
th a t  c a t a l y s t s  were su b s ta n c e s  w hich would change th e  
v e lo c i ty  o f  a  r e a c t io n  w ith o u t m odify ing  i t s  energy  f a c to r s  
(P h y s ik . Z .,  1902, 3 , 3 1 3 * ). T h is , in  e f f e c t ,  overwhelmed 
th e  th e o ry  o f  B e rz e liu s  by th e  in tro d u c t io n  in to  th e  
problem  o f  th e  v e lo c i ty  o f  th e  r e a c t io n ,  w hich , by i t s  
r e la t io n s h ip  t o  a  m easurab le q u a n t i ty ,  became th e  s u b je c t  
o f  f r e s h  and more d e ta i l e d  e n q u iry .
Prom th e  p o in t  o f  view  o f  a  te c h n o lo g is t ,  
however, i t  would seem more u s e f u l  i f  a  c a t a l y s t  were 
d e f in e d  a s  a  su b s tan ce  w hich a l t e r s  th e  speed  o f  a r e a c t io n ,  
in c lu d in g  th e  oase o f  th e  a p p a re n t i n i t i a t i o n  o f  th e  r e a c t io  
b u t w hich rem ains unchanged in  co m p o sitio n  a f t e r  th e  
chem ical change i s  com pleted . Prom a chem ical p o in t  o f  v iew , 
c a t a l y t i c  changes p ro ceed  acco rd in g  to  th e  laws o f therm o­
dynam ics, and so fo llo w  th e  g e n e ra l  p r in c ip l e s  o f  chem ical 
k in e t i c s  and th e  law  o f  mass a c t io n .  But th e  lo c a l  
c o n d i t io n s /
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c o n d itio n s  in  any c a t a l y t i c  system  must be known in  o rd e r 
t h a t  th e  s p e c i f i c  a p p l ic a t io n  o f  t h i s  law  may be 
u n d e rs to o d .
There has alw ays been a  ten d en cy  t o  d iv id e  
c a t a l y t i c  a c t io n s  o r  system s in to  two c l a s s e s ,  nam ely, 
homogeneous and h e te ro g en eo u s sy s tem s, and by f a r  th e  
g r e a te s t  number o f  c a t a l y s t s  in  u se  a t  th e  p re s e n t  tim e 
a re  s o l i d s ;  and a s  i t  i s  w ith  h e te ro g en eo u s c a t a l y s i s  
t h a t  t h i s  p re s e n t  work i s  co n cern ed , r e f e re n c e  w i l l  be 
made on ly  to  work w hich concerns i t .
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CHAPTER I I .
THEORETICAL CONSIDERATIONS OF CATALYSIS AT SOLID SURFACES.
U n ti l  about te n  to  f i f t e e n  y e a rs  ago th e r e  was 
a  d if f e re n c e  o f  o p in io n  a s  to  th e  way in  w hich chem ical 
changes were b rough t about in  g ases  and l iq u id s  by  a 
s o l i d  c a t a l y s t . The two main view s were th e  p h y s ic a l  and 
chem ical (o r  lo o se  in te rm e d ia te  compound) v iew s. The 
p h y s ic a l  th e o r ie s  were f i r s t  b ased  on th e  f a c t  t h a t  porous 
m a te r ia l s  such  a s  ch a rc o a l o r  p la tin u m , w hich a c c e le r a te d  
such  r e a c t io n s  as th e  un io n  o f  hydrogen and oxygen, cou ld  
c o n c e n tra te  th e  g ases  in  a  la y e r  on t h e i r  s u r fa c e s  w ith  
accompanying th e rm a l e f f e c t s  ( s im i la r  t o  th o se  observed  
in  th e  l i q u i f a c t i o n  o f  g a s e s ) .  V a n 't  H off (J .H . V an 't 
H o ff, "Physico-C hem ical S tu d ie s , 1898, 1 , 2 1 6 .)  concluded  
th a t  th e  g ases  were b rough t in to  a  s t a t e  o f  com pression 
and abnorm al c o n c e n tra tio n  by th e  c a t a l y s t ,  so  t h a t  
chem ical com bination  was g r e a t ly  a c c e le r a te d  w ith o u t any 
d e f in i t e  chem ical r e a c t io n  w ith  th e  c a t a l y s t . The gaseous 
c o n c e n tra t io n  o r a d s o rp tio n  a t  t h i s  tim e was reg a rd ed  a s  
a  d i f f u s io n  la y e r  s e v e ra l  m olecu les t h i c k  a t  th e  s o l id  
s u r f a c e ,  th e  r a t e  o f  chem ical r e a c t io n  b e in g  supposed to  be 
a  fu n c tio n  o f  th e  r a t e  o f  d i f fu s io n  in  t h i s  l a y e r ,  and 
n o t depending on any a c tu a l  chem ical change a t  th e  c a t a ly s t  
s u r fa c e  (M. B o d en ste in , Z. P h y sik . Chem., 1899, 29, 665; 
1905, 53, 1 6 6 .) .
S a b a t ie r /
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S a b a t ie r  (S a b a t ie r ,  "La C a ta ly se  en Chemie 
O rgan ique", 1920, p . 4 8 .)  has shown by two d e f in i t e  examples 
t h a t  t h i s  view  does no t account f o r  v a ry in g  chem ical 
a c t io n  on a  s in g le  su b stan ce  by d i f f e r e n t  m a te r ia l s .  For 
exam ple, i s o - b u ty l  a lc o h o l o ver copper a t  300°C. y ie ld s  
i s o - b u ty l  aldehyde and hydrogen; o ver a lum ina , is o -b u ty le n e  
and w a te r ; w h ile  over uranium  o x id e , a  m ix tu re  o f  a l l  fo u r  
su b s ta n c e s  ( a ls o  a t  3 0 0 °C .) . More s t r i k i n g  s t i l l ,  fo rm ic 
a c id  i s  decomposed by z in c  oxide in to  hydrogen and carbon 
d io x id e , and by t i ta n iu m  ox ide in to  w a te r  and carbon  mon­
o x id e . A more re c e n t  example i s  th e  r e a c t io n  between 
carbon  monoxide and hydrogen . W ith n ic k e l ,  methane i s  
a lm ost e x c lu s iv e ly  form ed; w ith  z in c  ox ide o r chrornate 
q u a n t i ta t iv e  y ie ld s  o f  m ethyl a lc o h o l a re  o b ta in e d ; w ith  
i r o n / a l k a l i  c a t a ly s t s  m ix tu re s  o f h ig h e r  a lc o h o ls ,  k e to n es 
and hydrocarbons a re  o b ta in e d .
P u re ly  p h y s ic a l  th e o r ie s  a g a in  f a i l  to  e x p la in  
th e  m arkedly s e le c t iv e  a c t io n  o f  many c a t a l y s t s  and t h e i r  
power o f  p roducing  iso m eric  and o th e r  changes, w hich i s  
d e f in i t e  p ro o f  th a t  chem ical i n t e r - r e l a t i o n s h i p  o f  an 
in t im a te  n a tu re  h as  e x is te d  o r  o c c u rred  betw een th e  
c a t a l y s t  and th e  o rg an ic  m olecule ( H i ld i tc h  and T ay lo r in  
" C a ta ly t ic  P ro c esse s  in  A pp lied  C hem istry" , by H i ld i tc h  
and H a ll ,  1937, P .1 9 . ) .
The/
-  9 -
The p h y s ic a l  n a tu re  o f  a d s o rp tio n  was d e fin e d  
more c l e a r ly  by th e  in v e s t ig a t io n s  o f  th e  l a t e  Lord 
R ay le ig h , (P .R .S .,  1890, 47 , 3 6 4 . )  S i r  W.B. Hardy 
(P .R .S . ,  A ., 1912, 86, 610; 1913, 88, 3 0 3 . )  Langmuir 
( J .A .C .S . ,  1916, 38 , 2221; 1917, 39 , 1848; 1918, 40,
1 3 6 1 .)  and o th e r s ,  and i t  was shown t h a t  w h ils t  a 
’ d i f f u s io n  l a y e r ’ o f  adso rbed  m olecu les may e x i s t  in  
many c a s e s ,  th e  prim ary  c o n d itio n  o f  a d s o rp tio n  o f  a gas 
a t  a s o l i d  su r fa c e  i s  due to  a  s in g le  la y e r  o f  m olecules 
w hich a r e ,  acco rd in g  to  Langmuir, h e ld  a t  th e  s u r fa c e  by a 
fo rc e  w hich i s  in d is t in g u is h a b le  from chem ical a f f i n i t y  
in  i t s  e f f e c t .  Thus th e  p h y s ic a l  o r  a d s o rp tio n  th e o ry  
o f  c a t a l y s i s ,  which has been s tu d ie d  c lo s e ly  by a  number 
o f  w o rk e rs , approaches in  t h i s  form v ery  c lo s e ly  t o  th e  
co rresp o n d in g  development o f  th e  o ld e r  in te rm e d ia te  
compound th e o ry .
S a b a t ie r  and M ailhe (Ann. Chim. P h y s ., 1910, v i i i ,  
20 , 2 8 9 .)  s tu d ie d  th e  a c t io n  o f a  la rg e  number o f  m e ta l l ic  
o x id e s  upon e th y l  a lc o h o l vapour a t  300° C ., and showed 
th a t  c e r t a in  o x id e s , f o r  exam ple, manganese o r t i n ,  a re  
a lm ost e n t i r e ly  dehydrogenating  in  c h a r a c te r ,  g iv in g  only  
ac e ta ld eh y d e  and hydrogen, w h ils t  o th e r s ,  e s p e c ia l ly  
t h o r i a  and a lum ina , a re  e n t i r e ly  d e h y d ra tin g , y ie ld in g  
e th y le n e  and w a te r . O th e rs , f o r  exam ple, uranium  o x id e , 
cause  b o th  dehydrogenation  and d eh y d ra tio n  to  ta k e  p la c e  
s im u lta n e o u s ly /
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s im u lta n e o u s ly . I t  i s  e v id e n t, th e r e f o r e ,  t h a t  th e  
chem ical a c t io n  induced by a c a ta ly s t  i s  s p e c i f i c  to  th e  
chem ical n a tu re  o f  t h a t  c a t a l y s t .  S a b a t ie r  a t t r i b u t e d  
h y d ro g en a tio n  to  th e  in te rm e d ia te  fo rm a tio n  o f  u n s ta b le  
h y d r id e s , and in  t h i s  way su p p o rted  th e  ch em ica l, o r 
in te rm e d ia te  compound th e o ry  o f h e tero g en eo u s c a t a l y s i s .
But he on ly  c o n s id e red  th e  p o s s i b i l i t y  o f  th e  un io n  o f  
th e  hydrogen w ith  th e  m e ta l, abandoning th e  id e a  o f  th e  
fo rm a tio n  o f  complexes between th e  o rg an ic  compound and 
th e  m e ta l.
T ay lo r and h i s  co-w orkers ( J .A .C .S .,  1921, 43, 
1273, 2179; 1923, 4 5 , 887, 90 0 ,  92 0 ,  1 1 9 6 ,  2235; 1 9 2 4 , 4 6 , 
43; 1927, 49 , 2468, e t c . )  found th a t  m e ta l l ic  c a t a l y s t s ,  
f o r  exam ple, n ic k e l  and co p p er, adso rbed  much l e s s  n itro g e n  
o r  helium  th a n  hydrogen, and th a t  e th y le n e  and carbon  
monoxide were adso rbed  to  app rox im ate ly  th e  same e x te n t 
a s  hydrogen . L a te r  th e y  observed  th a t  th e  h e a t o f 
a d s o rp tio n  o f  g ases  such a s  hydrogen and e th y le n e  was 
d i f f e r e n t  and g r e a te r  th a n  th a t  o f  such  g ases  a s  n itro g e n  
and h e liu m , which d id  n o t ta k e  p a r t  in  chem ical r e a c t io n s  
w hich a re  produced c a t a l y t i c a l l y .
Two d i s t i n c t  ty p e s  o f  a d s o rp tio n  have been 
e s ta b l i s h e d  and re co g n ise d  as a  r e s u l t  o f  th e  work o f 
T ay lo r and o th e r s .  The f i r s t  o f  th e s e  ty p e s  i s  th e  p u re ly  
p h y s ic a l  o r  ’condensation* ty p e , w hich i s  accom panied by 
a /
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ft r e l a t i v e l y  sm all h e a t change, and th e  second i s  th e  
'a c t iv a te d *  ty p e ,  c h a ra c te r i s e d  by much g r e a te r  h ea t 
ch an g es. The fo rm atio n  o f  d e f in i t e  chem ical compounds 
i s  p ro b ab ly  r a r e  in  h e terogeneous c a t a l y t i c  r e a c t io n s ,  
b u t th e s e  c a t a l y t i c  r e a c t io n s  a re  in v a r ia b ly  p receded  
o r i n i t i a t e d  by a c t iv a te d  a d s o rp tio n  o f th e  r e a c ta n t s  
on th e  c a t a l y s t  s u r fa c e .  T h is  a c t iv a te d  a d s o rp tio n  i s  
s im i la r  to  o rd in a ry  p h y s ic a l  su r fa c e  a d s o rp tio n , and can 
be accom panied by i t ,  b u t d i f f e r s  in  i t s  g r e a te r  h e a t o f  
a d s o rp tio n . T h is h e a t i s  s im ila r  to  t h a t  o f  a  m ild  
chem ical r e a c t io n ,  w h ile  th e  fo rc e s  in v o lv ed  a re  
in d is t in g u is h a b le  from th o se  w hich a r e  c a l le d  chem ical 
a f f i n i t y .
. -  12 -
CHAPTER I I I .
THE CATALYST SURFACE.
Many w orkers have n o tic e d  th e  change in  a c t i v i t y  
produced  in  a  c a ta ly s t  when i t  i s  exposed to  h ig h  
te m p e ra tu re s . T ay lo r ( J .A .C .S .,  1921, 43, 1273, 2179;
1923, 4 5 , 8 8 7 , 9 00 , 920 , 1 1 9 6 , 2 2 3 5 ; 1924, 46, 4 3 ;
1927, 49, 2468, e t c . )  showed th a t  a c a t a ly s t  p re p a red  a t  
a  low tem p era tu re  ad so rb s l e s s  o f  a  r e a c ta n t  a f t e r  b e in g  
exposed to  a  c o n s id e ra b ly  h ig h e r  tem p era tu re  th a n  b e fo re  
ex p o su re , and p ro g re s s iv e ly  l e s s  w ith  in c re a s e  o f 
te m p e ra tu re . T h is  would seem to  su g g est t h a t  a  s in t e r in g  
o f  th e  c a t a l y s t  s u r fa c e  ta k e s  p la c e ,  as  a  r e s u l t  o f  which 
th e  number o f  a c t iv e  p o in ts  o r  c e n tr e s  on th e  s u r fa c e  i s  
red u ced . Arm strong and H ild i tc h  (P .R .S .,  A ., 1921, 99* 
4 4 0 .)  have shown th a t  exposure o f  u n su p p o rted  c a ta l y s t s  
to  h ig h  te m p e ra tu re s  r e s u l t s  in  a  d ec re ase  in  t h e i r  b u lk , 
and t h a t  th e r e  i s  a  c lo se  co n n ec tio n  between th e  'b u lk  
d e n s i ty ’ o f  such c a ta ly s t s  and t h e i r  a c t i v i t y  in  c a t a l y t i c  
h y d ro g e n a tio n s . T ay lo r (P .R .S .,  A ., 1925* 108, 105;
J .  Phys, Chem. 1926, 30 , 150; J .A .C .S . ,  1931* 53» 578 .)
su g g e s te d  a p ic tu r e  o f  th e  atom ic s t r u c tu r e  o f  an a c t iv e  
c a t a l y s t .  The X-ray exam ination  o f  m e ta l l ic  h y d ro g en a tin g  
c a t a l y s t s  shows t h a t  th e y  p o sse ss  th e  d e f in i t e  l a t t i c e  
s t r u c tu r e  o f  th e  c r y s ta l l i n e  m a te r ia l .  T h is  o f  cou rse  
does n o t exc lude  th e  i r r e g u la r  fo rm atio n  o f  th e  c r y s t a l  
s u r f a c e /
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s u r fa c e  i t s e l f ,  and T ay lor su g g e s ted  th a t  th e  s t r u c tu r e  
o f  a  t y p i c a l  c a ta ly s t  su rfa c e  may be c h a ra c te r i s e d  by 
g roups o f  atoms w hich a re  th r u s t  i r r e g u la r ly  above th e  
norm al su r fa c e  o f  th e  c r y s t a l s .  The p o in ts  a t  w hich th e s e  
i s o l a t e d ,  o r  s e m i- is o la te d , atoms a re  supposed t o  be 
s i t u a t e d  a r e ,  acco rd in g  to  T a y lo r ’s v iew s, th e  s e a t s  o f  
c a t a l y t i c  a c t i v i t y .
T h is seems to  a f f o rd  a  re a so n a b le  e x p la n a tio n  o f 
th e  im portance o f  an i r r e g u la r  s u r fa c e ;  th e  s e n s i t i v i t y  o f  
an  u n su p p o rted  m etal c a ta ly s t  to  in c re a s e s  in  te m p era tu re  
(w hich would in c re a s e  in te r - a to m ic  v ib r a t io n ,  th u s  making 
th e  i s o l a t e d  groups o f  atoms te n d  to  ta k e  up more s ta b le  
p o s i t io n s  in  th e  p lan e  s u r f a c e ) ;  th e  a c t io n  o f  c a ta ly s t  
p o iso n s  and p o s s ib ly  th e  a c t io n  o f  p ro m o te rs ; th e  
p o s s i b i l i t y  o f  in te r a c t io n  w ith  o th e r  m o lecu les (due to  
th e  a f f i n i t i e s  o f  th e  exposed atoms b e in g  l e s s  s a tu r a te d  by 
th e  n e ig h b o u rin g  atom s, th u s  making th e s e  atoms more 
’u n s a tu r a te d ’ , o r  a c t iv e ,  and hence te n d  to  e n te r  in to  
chem ical com bination w ith  o th e r  m o le c u le s ) .
B esides th e s e  views o f  T ay lo r and h i s  co -w orkers 
on th e  n a tu re  o f  th e  c a ta ly s t  s u r fa c e ,  th e r e  a re  many o th e rs  
b ased  on th e  e le c t ro n ic  s t r u c tu r e  o f  th e  atom , th e  a r ra n g e ­
ment o f  th e  l a t t i c e  o f  th e  s o l id  atom s, e t c . ,  b u t th e  
v a l i d i t y  o f  th e  l a t t e r  rem ains to  be e s ta b l i s h e d  in  many
c a s e s .
The su r fa c e s  o f  m e ta ls  and m e ta l ox ide f i lm s  on
m e ta ls /
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m e ta ls  was studied by C onstab le (N a tu re , 1927, 120, 7 6 9 ;
1 9 2 8 , 1 2 2 , 399; P .R .s . ,  A ., 1 9 2 7 , 117, 376; 1 9 2 8 , 119,
196, 202; P . Camb. P h i l .  S o c ., 1928, 24, 2 9 1 , 3 0 7 .)  
u s in g  a  sp ec tro p h o to m e tric  m ethod. He in f e r r e d  th e  
p re se n c e  o f  s p e c ia l ly  a c t iv e  a re a s  o r  p a tch es  on th e  
s u r fa c e  o f  th e  c a t a l y s t ,  and concluded  th a t  th e  
ex p e rim en ta l f a c t s  o f  a d s o rp tio n  and c a ta l y s i s  c o u ld  be 
e x p la in e d  q u a n t i t a t iv e ly  by assum ing th a t  s tro n g  and 
s p e c i f i c  f i e l d s  o f  fo rc e  emanate from s p e c ia l  c o n f ig u ra tio n s  
o f  th e  atoms on th e  c a ta ly s t  s u r fa c e .  These co n c lu s io n s  
do n o t appear to  be v ery  d i f f e r e n t  from th o se  o f  T ay lo r, 
ex cep t th a t  C onstab le does no t p o s tu la te  th e  e x is te n c e  o f 
atom s w hich a re  p a r t ly  d e tached  from th e  main s u r fa c e  o f  
th e  c a t a l y s t ,  b u t r a th e r  a t t r i b u t e s  th e  s p e c i f i c  f i e l d s  
o f  fo rc e  to  s p e c ia l  atom ic c o n f ig u ra t io n s  a t  th e  s u r fa c e .
Schwab and h is  co-w orkers ta k e  a more d i s t i n c t  
view  th a n  does T ay lor (Z e its c h . p h y s ik a l Chem., 1928, B .,
1 , 385; 1929, 2 , 262; 1929, A ., 144, 243; 1929, B ., 5,
406; 1930, A ., 147, 38; 1931, B ., 12 , 427; 1930, B ., 13,
13; 1936, B ., 32, 169; Z e its c h . E lek tro c h em ., 1929, 35,
1 3 5 , 573*), ▼hen th ey  suggest th a t  th e  a c t iv e  c e n tr e s  a re  
n o t d i s t r ib u t e d  over th e  whole s u r fa c e ,  o r  a t  ’a c t iv e  
p o i n t s ’ , except where th e y  a re  on l i n e s  which a r e  phase 
b o u n d a r ie s . Adsorbed m olecules a re  supposed to  be 
• a d l in e a t e d ', o r c o l le c te d  to g e th e r  on th e  s u r fa c e  a t
p h a se /
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phase b o u n d a rie s . M icro p h o to g rap h ica l o b se rv a tio n s  
su g g e s ted  th a t  th e  phase b o u n d arie s  were th e  edges o f  th e  
m ic ro - c r y s ta ls  on th e  c a ta ly s t  s u r f a c e .  T h is *topo- 
ch em ic a l' th e o ry  o f c o n ta c t a c t io n  ap p ears  to  be th e  most 
f r u i t f u l  development o f  T a y lo r’s th e o ry  w hich has so f a r  
ta k e n  p la c e .
Schmidt (N a tu rw is s ., 1933, 21 , 351; Z e its c h . 
p h y s ik a l Chem., 1933, 165, 33, 209; 1936, 176, 237;
B e r . ,  1935, B», 68, 1098 .) a t t r i b u t e s  c a t a l y t i c  hydro­
g e n a tio n  e n t i r e ly  to  th e  d i f fu s io n  o f  hydrogen in to  th e  
m e ta l , fo llow ed  by th e  subsequent io n is a t io n  o f  th e  hydrogen. 
He does no t co n s id e r  th e  r e a c t io n  a s  o c c u rr in g  a t  th e  a c t iv e  
c e n tr e s  on th e  c r y s t a l  s u r fa c e ,  b u t in  th e  c ra c k s  o r  p o res  
w ith in  th e  c r y s ta l s  th em se lv es , th e  s o - c a l le d  ’Smekal* 
c a v i t i e s .  He d i f f e r e n t i a t e s  betw een adso rbed  and abso rbed  
g a s e s , s t a t i n g  th a t  i t  i s  th e  l a t t e r  w hich r e a c t .  These 
view s appear to  c o n tra d ic t  a  g r e a t  d ea l o f  th e  p u b lish e d  
work on th e  s u b je c t ,  and in  a t t r i b u t i n g  a l l  h y d ro g en a tio n  
e f f e c t s  to  th e  a c t iv a t io n  o f th e  hydrogen a lo n e , S ch m id t's  
th e o ry  ta k e s  no account o f  th e  e f f e c t  o f  th e  c a t a l y s t  on 
m o lecu les o f  o rg an ic  r e a c ta n t s .  I t  resem b les  th e  o ld e r  
v iew s o f  S a b a t ie r ,  w hich f a i l  t o  e x p la in  s e le c t iv e  
h y d ro g en a tio n  o r co n cu rren t iso m e tr ic  changes in  o rg an ic  
m o lecu le s , induced by th e  c a t a l y s t .
A ’m u l t ip le t ’ h y p o th e s is  o f  h e te ro g en eo u s
c a t a l y s i s /
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c a t a l y s i s  has been advanced by B aland in  (Z e its c h .p h y s ik a li  
Chem., 1 9 2 9 , B ., 2 , 289; 1929, B .,  3 , 1 6 7 ; 1932, B ., 1 9 , 
451; J .  B uss. Phys. Chem. S o c ., 1929, 6 l ,  909; 1930, 62,
7 0 3 .) .  T h is  p o s tu la te s  t h a t  th e  a c t iv e  c e n tr e s  on a 
c a t a l y s t  su r fa c e  do n o t a t t r a c t  every  p a r t  o f  th e  r e ­
a c t in g  m olecule w ith  th e  same i n t e n s i t y ,  b u t e x e r t  a 
p r e f e r e n t i a l  a t t r a c t i o n  on some a to n  o r  g roups o f  i t .
I f  a l l  th e  c e n tre s  a t t r a c t e d  th e  same p a r t  o f  th e  m o lecu le , 
th e r e  would be no tendency  fo r  th e  m olecule to  be broken  
u p , and a d s o rp tio n  would o ccu r w ith o u t r e a c t io n .  I f ,  
how ever, v a r io u s  ty p e s  o f  c e n tr e s  a re  p r e s e n t ,  some 
a t t r a c t i n g  one atom o r group o f  th e  m o lecu le , and some 
a n o th e r , decom position  may be p o s s ib le .  But f o r  a c tu a l  
change to  ta k e  p la c e , th e  c e n tr e s  must n o t be to o  f a r  
a p a r t ,  and be a rran g ed  r a th e r  in  groups o r  'm u l t i p l e t s ' , 
c o n ta in in g  one o r more c e n tr e s  o f  each  g ro u p . T h is  hypo­
t h e s i s  i s  an a ttem p t t o  d i f f e r e n t i a t e  betw een s e v e ra l  
ty p e s  o f  a c t iv e  c e n tre s  o r a re a s  on th e  s u r fa c e  o f  th e  
c a t a l y s t ,  and i s  i n t e r e s t i n g  because i t  i s  an a ttem p t to  
accoun t f o r  th e  h ig h ly  s p e c i f ic  n a tu re  o f  many h e terogeneous 
c a t a l y t i c  a c t io n s .  I t  i s  d i f f i c u l t ,  how ever, t o  env isage  
s u i t a b le  experim ents to  t e s t  i t s  v a l i d i t y .
A 'd i s l o c a t i o n ' ,  o r  tem porary  p o la r i t y  th e o ry  o f 
c a t a l y t i c  a c tio n  was p u t forw ard  by Boeseken (Chem.
W eekblad, 1928, 25, 1 3 5 -) , su g g es ted  t h a t  c a t a l y s t s  
a c t /
-  17 -
a c t  by a c t iv a t in g  th e  r e a c ta n t s ,  d i f f e r e n t  c a t a ly s t s  
b e in g  a b le  to  a c t iv a te  th e  same su b s tan ce  in  d i f f e r e n t  
w ays, p roducing  s p e c i f ic  •d i s lo c a t io n s ’ by a  ty p e  o f 
in d u c t io n .  A ccording to  t h i s  view th e  main f a c to r  in  
c a t a l y t i c  a c t io n  i s  t h a t  o f  en e rg y , and t h a t  th e  
c a t a l y s t  would a c t  in  s p i t e  o f ,  r a t h e r  th a n  because o f , 
th e  p ro d u c tio n  o f  in te rm e d ia te  compounds o f  th e  r e a c ta n t8  
and c a t a l y s t .
These a re  somewhat c o n f l i c t in g  v iew s, b u t 
w hichever be n e a re r  to  th e  t r u t h ,  i t  i s  f a i r l y  c e r t a in  
t h a t  a s  a  r e s u l t  o f  th e  in te n s iv e  s tu d y  in  th e  l a s t  
tw en ty  y e a rs  o f  th e  n a tu re  o f  th e  su r fa c e  o f  s o l id  
c a t a l y s t s ,  th e  c a ta ly s t  must n o t be re g a rd ed  a s  a mass 
o n ly , b u t a ls o  in  re s p e c t  o f  c e r t a in  s e l e c t  atoms in  
w hich a l l  th e  a c t i v i t y  d isp la y e d  i s  now b e l ie v e d  to  
r e s id e .  Recent work, however, h e lp s  to  em phasise th e  
e s s e n t i a l  c o n d itio n s  which must be p re s e n t  b e fo re  any 
c a t a l y t i c  a c t io n  can o ccu r.
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CHAPTEB IV.
PROMOTES ACTION.
The f a c t  th a t  th e  a d d i t io n  o f sm all amounts o f 
o th e r  su b s tan ces  to  a  c a ta ly s t  may cause a  c o n s id e ra b le  
in c re a s e  in  i t s  a c t i v i t y  was em phasised in  e a r ly  p a te n ts  
o f  th e  B adische Company (B .P . 19249/1910; B .P . 27963/1913; 
B .P . 2306/1914, e t c . ) ,  and has a ls o  been d e sc r ib e d  in  
a  la rg e  number o f  p a te n t s p e c i f i c a t io n s .  Pease and 
T ay lo r ( J .  Phys. Chem., 1920, 24 , 241) su g g es ted  a s  a  
d e f in i t io n  o f  prom oter a c t io n ,  "case s  in  w hich a  m ix tu re  
o f  two o r more su b s tan ces  i s  cap ab le  o f  p roducing  a 
g r e a te r  c a t a l y t i c  e f f e c t  th a n  can be accoun ted  f o r  on th e  
s u p p o s i t io n  th a t  each  su b stan ce  in  th e  m ix tu re  a c ts  
in d ep en d en tly  and in  p ro p o rtio n  t o  th e  amount p r e s e n t ."  
W ith c e r t a in  l im i ta t io n s  t h i s  d e f in i t io n  sh o u ld  se rv e  
w e l l .
R id ea l and T ay lo r ( " C a ta ly s is  in  Theory and 
P r a c t ic e " ,  1926, p . 1 0 2 .) su g g ested  th a t  th e  d e f in i t io n  
sh o u ld  be r e s t r i c t e d  t o  th e  e f f e c t s  produced by r e l a t i v e l y  
sm a ll amounts o f  a m a te r ia l  w hich was i t s e l f  i n e r t ,  o r 
had  n e g l ig ib le  c a t a l y t i c  e f f e c t  on th e  r e a c t io n  concerned . 
As a  r e s u l t  o f  h i s  s tu d ie s  on th e  e f f e c t  o f  t h o r i a  a s  a 
p rom oter f o r  n ic k e l  c a ta ly s t s  in  th e  re d u c tio n  o f  carbon 
m onoxide, T ay lo r ( J .  Phys. Chem., 1925* 29» 1325*) 
su g g e s ted  th a t  i t  a c te d  in  th r e e  d i f f e r e n t  w ays:- 
( i /
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( i )  Supported e x i s t in g  a c t iv e  c e n tr e s .
( i i )  C rea ted  a d d i t io n a l  a c t iv e  s u r fa c e .
( i i i )  A lte re d  th e  p ro p o r tio n s  in  w hich th e  
r e a c ta n ts  and r e a c t io n  p ro d u c ts  were 
absorbed .
These id e a s  were su p p o rted  by Wyckoff and C ritte n d e n  
( J .A .C .S . ,  1925> 47, 2866 .) who showed, u s in g  iro n  
c a t a l y s t s  c o n ta in in g  alum ina and po tassium  o x id e , t h a t  th e  
p rom oters p rev en ted  s in te r in g  o f  th e  c a t a l y s t ,  and t h a t  
beyond a  c e r t a in  c r i t i c a l  c o n c e n tra t io n  th e  a c t i v i t y  was 
lo w ered , due to  th e  c a ta ly s t  s u r fa c e  becoming covered  w ith  
ex c e ss  p rom oter.
Wagner, Schwab and S ta e g e r  (Z . Phys. Chem., 1934, 
27 , B ., 439) showed th a t  w ith  copper oxide c a ta ly s t s  
prom oted w ith  m agnesia, z in c  o x id e , chromium oxide o r 
alum ina , and a ls o  w ith  copper prom oted w ith  n ic k e l ,  no 
change in  c r y s ta l  s t r u c tu r e  o ccu rred  co rresp o n d in g  w ith  
t h i s  in c re a se d  a c t i v i t y .  F ro l ic h  ( J . I .E .C . ,  1929* 21, 1 0 9 .) 
how ever, observed  an in c re a se  in  th e  copper c r y s t a l  l a t t i c e  
in  th e  case  o f  z in c /c o p p e r  c a ta ly s t s  employed in  th e  
s y n th e s is  o f  m ethanol, and F ro s t (A c t. P hysicoch im ., 1934,
1 , 5 1 1 .)  a t t r i b u t e d  i t  to  th e  fo rm atio n  o f  a b r a s s .  T h is  
expansion  o f  th e  l a t t i c e  was found to  c o in c id e  c lo s e ly  
w ith  c a t a l y t i c  a c t i v i t y .  On th e  o th e r  hand, i t  was found 
t h a t  th e  a d d i t io n  o f  prom oters to  z in c  oxide f o r  u se  a s  a 
m ethano l/
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m ethanol c a ta ly s t  d id  no t a f f e c t  th e  c r y s t a l  s t r u c tu r e .
I t  a p p e a rs , th e r e fo r e ,  th a t  X -ray exam ination  w i l l  re v e a l 
compound fo rm a tio n , b u t no t t r u e  prom oter a c t io n .
Schenk and W esslekoch (Z . A norg. Chem., 1929,
184, 39*) found th a t  th e re  were c l e a r  in d ic a t io n s  o f  th e  
e x is te n c e  o f  mixed c r y s ta l s  in  th e  p resen ce  o f  e f f e c t iv e  
o x id e s  such  a s  m agnesia o r  alum ina in  th e  case  o f  c o b a lt  
and n ic k e l  c a ta ly s t s  f o r  th e  re d u c tio n  o f carbon d io x id e , 
and th a t  th e  p resen ce  o f  th e s e  c r y s t a l s  le d  to  th e  
p ro d u c tio n  o f  carbon monoxide under c o n d itio n s  where th e  
p u re  m e ta ls  alone had no e f f e c t .  R egarding prom oter a c tio n  
in  g e n e ra l ,  th e y  ex p ressed  th e  o p in io n  th a t  " i t  seem3 
h ig h ly  im probable th a t  a  s in g le  e x p la n a tio n  o f prom oter 
a c t io n ,  a p p l ic a b le  to  a l l  c a s e s , w i l l  ev e r be found", and 
th e  d e f in i t io n  o f prom oter a c t io n  g iven  by R id ea l and 
T a y lo r , even i f  l im ite d  in  scope, can s t i l l  be accep ted  
a s  a  w orking h y p o th e s is .
G r i f f i t h  (N a tu re , 1936, 137, 5 3 8 .) c a r r ie d  out a 
th o ro u g h  in v e s t ig a t io n  in to  th e  e f f e c t s  o f  a  la rg e  number 
o f  p rom oters on molybdenum oxide a s  a  c a t a l y s t  f o r  th e  
decom position  o f hexane, and determ ined  th e  optimum 
c o n c e n tra t io n  o f ox ides o f  chromium, sodium , cerium , 
alum inium , barium , boron , s i l i c o n  and th o riu m , and a ls o  
o f  m e ta l l ic  i r o n ,  le a d  and copper. The v e ry  s im i la r  n a tu re  
o f  th e  e f f e c t s  showed c le a r ly  th a t  th e y  were n o t due, in
t h i s /
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t h i s  c a s e , t o  th e  fo rm ation  o f  compounds. I t  was found 
on com paring th e  r e s u l t s ,  t h a t  th e  r a t i o  o f  prom oter 
elem ent to  molybdenum g iv in g  g r e a te s t  c a t a l y t i c  a c t i v i t y  
i s  independen t o f  th e  p a r t i c u l a r  oxide u sed , t h a t  i s  , 
th e  optimum c o n c e n tra tio n  o f th e  prom oter i s  a  fu n c tio n  
o f  th e  c a t a l y s t ,  and no t o f  th e  p ro m o ter. The 
c o n c e n tra t io n  was a ls o  shown to  be independent o f  th e  
hydrocarbon  b e in g  decomposed. When th e  prom oter i s  a  
compound which i s  capab le  o f  b e in g  co n v e rted  to  th e  
m e ta l under th e  c o n d itio n s  o f  th e  ex p erim en t, th e  atom ic 
r a t i o  n ec essa ry  f o r  maximum e f f e c t  i s  on ly  h a l f  t h a t  
w hich i s  n e c e ssa ry  in  th e  case  o f  an oxide p ro m o ter. The 
r a t e  o f  r i s e  and f a l l  o f  a c t i v i t y ,  th e  maximum v a lu e  
re a c h e d , and f i n a l  v a lu e , w ith  ex cess  p rom otor, a re  found 
to  depend to  some e x te n t on th e  p a r t i c u l a r  prom oter 
em ployed.
These f a c t s  suggest th a t  th e  prom oter fu n c tio n s  
by means o f  v a lency  bonds, and th a t  a m eta l can be 
e f f e c t iv e  w ith  re s p e c t  to  two c e n tr e s  s im u lta n eo u s ly .
The eq u iv a len ce  o f  a l l  th e  oxide p rom oters su g g ested  th a t  
th e  a d d i t io n  o f  a  second prom oter to  a c a ta ly s t  which 
a lre a d y  co n ta in e d  th e  maximum amount o f  th e  f i r s t  fo r  
optimum a c t i v i t y ,  would low er th e  a c t i v i t y .  T h is  proved 
to  be s o , and i t  was advanced t h a t  in  a l l  c a ses  o f 
s tr a ig h tfo rw a rd  prom oter a c t io n ,  where no co m p lica tio n s
due/
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due to  compound fo rm ation  can o ccu r, b e t t e r  r e s u l t s  
sh o u ld  n o t be o b ta in e d  by th e  -use o f  m u ltip le -p ro m o ted  
c a t a l y s t s  th a n  can be o b ta in ed  w ith  a  s in g le  prom oter.
C asse l (N a tu rw is s ., 1926, 14 , 103 .) 
su g g e s te d  th a t  prom oter a c t io n  to o k  p la c e  when th e  main 
component adso rbs one r e a c ta n t ,  and th e  prom oter th e  
o th e r ,  b u t t h i s  cannot be r e c o n c ile d  w ith  f a c t s  
co n cern in g  e f f e c t s  o f  p rom oters on th e  decom position 
o f  m o lecu les o f  a  s in g le  ty p e , no r does i t  ag ree  w ith  
th e  observed  e f f e c t s  o f  p rom oters on th e  a d s o rp tio n  o f  
such  r e a c ta n t s .
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CHAPTER V.
THE SYNTHESIS AND DECOMPOSITION OF METHATJOT.
When th e  re d u c tio n  o f  carbon  monoxide to  methane 
was s tu d ie d  by F isc h e r  and T ropsch (B rennsto ff-C hem ., 1923 , 
4 , 193-197; Chem. A b s t . ,  1924, 3 4 9 .) ,  th e  p o s s i b i l i t y  o f  
th e  r e a c t io n  p roceed ing  to  an in te rm e d ia te  s ta g e  only 
was c o n s id e re d , w ith  th e  p ro d u c tio n  o f  m ethyl a lc o h o l.
In  a  b ro ad  and g e n e ra l way a  German p a te n t  (G e r.P a t. 
293787 / 1 9 1 3 . )  covered  a p ro c e ss  f o r  th e  s y n th e s is  o f 
o xygenated  o rg an ic  compounds from carbon monoxide and 
h yd rogen . More s p e c i f ic  in fo rm a tio n  was g iven  in  a 
p a te n t  and p aper by P a ta r t  (F r .  P a t .  540343/1921;
Chimie e t  I n d . ,  1925, 13, 179; Compt. r e n d . ,  1924, 17 9 , 
1 3 3 6 . ) ,  who re p o r te d  th e  p ro d u c tio n  o f pure m ethyl 
a lc o h o l ,  u s in g  pure z in c  oxide a s  a c a t a l y s t ,  tem p era tu res  
o f  400-420°C . and p re s su re s  o f  150-250 atm ospheres. T his 
showed c o n c lu s iv e ly  th a t  methanol cou ld  be p rep a red  by 
p a s s in g  m ix tu re s  o f  hydrogen and carbon monoxide a t  h igh  
te m p e ra tu re s  and p re s s u re s  over s u i ta b le  c a ta ly s t s .
P a t a r t  l a t e r  s t a te d  ( I n te r n e t .  C onference on Bitum. Coal, 
N ov., 1 9 2 6 .) th a t  z in c  oxide prom oted w ith  chromium oxide 
was th e  most s a t i s f a c to r y  c a t a l y s t .
Many p ro c e sse s  fo r  th e  p ro d u c tio n  o f  m ethanol 
a p p e a r  in  p a te n t  l i t e r a t u r e ,  b u t a s  f a r  a s  can be judged, 
th e y /
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th e y  seem to  d i f f e r  from each  o th e r  m ain ly  in  th e  c a ta ly s t s  
u se d . These f a l l  in to  th r e e  c l a s s e s ,  nam ely, m e ta l l ic  
ox ide m ix tu re s , m ix tu re s  o f  m e ta ls  ( in c lu d in g  a l l o y s ) ,  and 
m ix tu re s  o f  o x id es  and m e ta ls , o r  m e ta ls  w ith  o x id e s  o r  
s a l t s  a s  p ro m o te rs . Of th e s e ,  th e  f i r s t  ty p e  a re  most 
g e n e ra l ly  u sed  as m ethanol c a t a l y s t s .  The g e n e ra l  s t a t e ­
ment made re g a rd in g  th e  m ix tu re s  o f  o x id e s  i s  t h a t  th e y  
sh o u ld  be o f  d i f f e r e n t  g roups o f  th e  p e r io d ic  system , and 
no t r e d u c ib le  to  m eta l under th e  p r e v a i l in g  c o n d i t io n s .
More s p e c i f i c a l l y ,  t o  be s u i t a b le  f o r  such  mixed c a t a l y s t s ,  
th e y  shou ld  be n o n -re d u c ib le  o x id es o f  th e  second to  
se v en th  group (M itta sc h , U .S . P a t .  1558559 / 1 9 2 5 . ) .
M itta sc h  a ls o  s p e c i f i e s  in  th e  same p a te n t  t h a t  th e  more 
b a s ic  ox ide shou ld  be in  c o n s id e ra b le  e x c e s s . In  a  l a t e r  
p a te n t  he m entions mixed c a t a l y s t s  c o n ta in in g  m e ta l and 
ox ide o r  s a l t  -  m e ta ls  such  a s  co p p e r, le a d  and z in c ,  w ith  
an ox ide o r s a l t  d e r iv e d  from a  m eta l o f  from th e  f o u r th  
to  th e  se v en th  groups o f  th e  p e r io d ic  system  a c t in g  a s  
p rom oter (U .S . P a t .  15697 7 5 /1 9 2 6 .). A c a t a l y s t  o f  copper 
and one o f  th e  e lem en ts t i ta n iu m , vanadium , chromium, 
manganese o r  boron i s  s p e c i f ie d  by Schmidt and U fer (Can. 
P a t .  251486/1925.) and th e y  s t a t e  t h a t  i t  must be f r e e  
from iro n  and n ic k e l .
One p e c u l i a r i t y  o f  th e  m ethanol s y n th e s is  i s  t h a t  
th e  c a t a l y s t s  must be f r e e  from i r o n ,  and a ls o  from n ic k e l  
and/
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and c o b a l t .  These m e ta ls  c a ta ly s e  o th e r  r e a c t io n s ,  
e s p e c ia l ly  th e  com plete h y d ro g en a tio n  o f  th e  carbon 
monoxide to  hy d ro carb o n s. The g ases  must a ls o  be f r e e  
from c a rb o n y ls , and s p e c ia l  p re c a u tio n s  ta k e n  to  ensu re  
t h a t  th e  carbon  monoxide w i l l  n o t a t t a c k  th e  w a lls  o f  
th e  r e a c t io n  v e s s e l s .  No n ic k e l  o r  i ro n  can  be u sed  
excep t in  th e  case  o f  s p e c ia l  s t e e l s ,  w h ile  th e  
a p p a ra tu s  sh o u ld  p r e fe ra b ly  be l in e d  w ith  co p p e r. Some 
s p e c i f ic a t io n s  a ls o  exclude a l k a l i s ,  a s  th e y  promote 
th e  fo rm a tio n  o f  h ig h e r  a lc o h o ls .
The decom position  o f  p rim ary  a lc o h o ls ,  on th e  
o th e r  hand, was s tu d ie d  a s  f a r  back  a s  1880, when Jahn 
decomposed m ethyl a lc o h o l over z in c  and z in c  oxide 
c a t a l y s t s ,  o b ta in in g  about 7056 hydrogen and }0fo carbon  
monoxide, to g e th e r  w ith  t r a c e s  o f  m ethane. In  1905, 
S a b a t ie r  o b ta in e d  s im i la r  r e s u l t s  w ith  a  copper c a t a l y s t .  
He concluded  th a t  co p p er, n ic k e l ,  i r o n ,  p la tin u m , 
p a llad iu m  and c e r t a in  m e ta l l ic  o x id e s  were cap ab le  o f  
decomposing m ethyl a lc o h o l a t  a tm o sp h eric  p re s s u re  and 
h ig h  te m p e ra tu re s . He l a t e r  showed by work on z in c  o x id e / 
chromium ox ide c a t a l y s t s  t h a t  z in c  ox ide  decomposed m ethyl 
a lc o h o l more r e a d i ly  th a n  chromium o x id e , and t h a t  i t  
was p r in c ip a l ly  dehydrogenating  in  c h a r a c te r ,  w h ile  
chromium oxide was p r in c ip a l ly  d e h y d ra tin g , and t h a t  th e  
s p e c i f i c  e f f e c t  o f  each  depended upon th e  te m p e ra tu re  o f  
c a lc in a t io n /
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c a lc in a t io n  ( S a b a t ie r ,  C a ta ly s is  in  Org. Chem., 1923* 
p . 6 7 4 .) .
P a ta r t  (Lormand, J . I . E . C . ,  1925* 4 3 0 .)  observed  
t h a t  a  com bination  o f  th e  two o x id e s  a s  chrom ate gave 
b e t t e r  r e s u l t s  in  th e  decom position  o f  m ethanol th a n  
e i t h e r  o f  th e  two o x id es  a lo n e . Sm ith and Hawk (J .P h y s . 
Chem., 32, 414, 1 9 2 8 .) made a  s tu d y  o f  th e  decom position  
o f m ethanol over a wide range  o f  c a t a l y s t s .  They found 
th a t  ou t o f  36  d i f f e r e n t  m ix tu re s  o f  o x id e s , among th e  
b e s t  was a  m ix tu re  o f  z in c  and chromium o x id e s  in  th e  
p ro p o r tio n  o f  4Zn: lC r .  They showed a ls o  by X -ray 
exam ination  t h a t  th e  z in c  and chromium were in  a c tu a l  
chem ical com bination .
Work on th e  s y n th e s is  and decom position  o f 
m ethanol o ver c o p p e r/z in c  ox ide c a t a l y s t s  by F ro l ic h ,  
P enske , T ay lo r and Southw ick ( J . I . E . C . ,  1928, 1 3 2 7 . )  le d  
them  to  conclude t h a t  th e  decom position  and s y n th e s is  o f  
m ethanol were p a r a l l e l  r e a c t io n s ,  and t h a t  th e  decom­
p o s i t io n  method o f  exam ination  o f  th e  r e a c t io n  was 
em inen tly  s u i ta b le  f o r  th e  s tu d y  o f  th e  a c t i v i t y  o f  
c a t a l y s t s  f o r  th e  s y n th e s is  o f  m ethanol from w a te r gas 
a t  h ig h  te m p e ra tu re s  and p r e s s u r e s .  A u d ib e rt and 
B aineau  ( J . I .E .C . ,  1928, 1105 .) came to  s im ila r  
c o n c lu s io n s . They add th a t  th e  method o f  p re p a ra t io n  o f 
th e  c a t a l y s t s  i s  most im p o rta n t, i t  b e in g  e s s e n t i a l  t o  
c a r r y /
c a r ry  ou t th e  re d u c tio n  a t  a s  low a  te m p e ra tu re  a s  
p o s s ib le .  They a ls o  s t a t e  t h a t  mixed c a t a l y s t s  a re  more 
r e s i s t a n t  to  h e a t th a n  s in g le  component c a t a l y s t s .
I t  i s  a p p a re n t, t h e r e f o r e ,  t h a t  th e  decom position  
method o f  in v e s t ig a t in g  th e  r e a c t io n  i s  p a r t i c u l a r l y  
u s e f u l  in  t h a t  i t  p e rm its  o p e ra t io n  a t  a tm ospheric  
p r e s s u r e ,  where ex p e rim en ta l p ro ced u re  i s  g r e a t ly  
s im p l i f ie d .
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CHAPTER VI.
THEORETICAL ASPECTS OF THE METHANOL DECOMPOSITION
AND SYNTHESIS.
As a  c a ta ly s t  a f f e c t s  on ly  th e  speed o f  a 
chem ical r e a c t io n ,  hav ing  n o th in g  to  do w ith  th e  in h e re n t 
ten d en cy  o f  th a t  r e a c t io n  to  p ro cee d , i t  i s  o f  param ount 
im portance to  know i f  th e  r e a c t io n  i s  p o s s ib le  under 
g iv e n  ex p erim en ta l c o n d itio n s  o f  te m p e ra tu re  and 
p r e s s u re .  The problem  i s  one o f  chem ical a f f i n i t y ,  and 
a s  th e  f re e -e n e rg y  change o f  a s p e c i f i c  chem ical r e a c t io n  
i s  a  q u a n t i ta t iv e  measure o f  such  chem ical f o r c e s ,  i t  i s  
d e s i r a b le  to  have f re e -e n e rg y  d a ta  co n cern in g  th e  r e a c ta n t s ,  
i f  i t  can be had . I f  th e  f re e -e n e rg y  d a ta  in d ic a te  t h a t  
th e  r e a c t io n  i s  p o s s ib le  under th e  chosen c o n d i t io n s ,  
experim en ts can be s t a r t e d  to  f in d  c a t a l y s t s  w hich a llo w  
th e  r e a c t io n  to  proceed  a t  a re a so n a b le  r a t e .
I t  i s  d i f f i c u l t  to  o b ta in  a c c u ra te  f re e -e n e rg y  
d a ta  fo r  a la rg e  number o f  o rg an ic  compounds, b u t a 
re a so n a b le  amount o f  f a i r l y  r e l i a b l e  d a ta  a re  now 
a v a i la b le  (P arks and Huffman, "F ree E n e rg ie s  o f  Some 
O rganic Compounds", New York, 1 9 3 2 ). F ig s .  l a - e  o p p o s ite  
g iv e ^ fre e -e n e rg y  v a lu e s  o f  th e  compounds r e l a t i n g  to  th e  
m ethanol r e a c t io n s .  (G roggins, "U nit P ro c e sse s  in  
O rganic s y n th e s is " ,  p p .446, 447, New Y ork, 1 9 3 8 ). The 
v a lu e s  a r e  f o r  th e  f re e -e n e rg y  o f  fo rm a tio n  in  th e  
g aseo u s /
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gaseous s t a t e  a t  1 a tm os. p re s s u re  from th e  e lem e n ts . 
V alues a r e  g iven  f o r  100°C. and 400°C ., i t  b e in g  
p e rm is s ib le  t o  make l i n e a r  in t e r p o la t i o n  betw een th e s e  
two te m p e ra tu re s  f o r  in te rm e d ia te  te m p e ra tu re s . To 
show th e  r e la t io n s h ip s  w hich e x i s t  betw een th e  s t r a i g h t -  
ch a in  a l ip h a t i c  compounds, th e  f re e -e n e rg y  c o n te n t p e r  
carbon  atom i s  p lo t t e d .  (To o b ta in  th e  m ola l v a lu e , 
th e  o rd in a te  v a lu e s  must be m u lt ip l ie d  by th e  number o f  
carbon  atoms in  th e  s t r a ig h t - c h a in  a l i p h a t i c  compound 
in  q u e s t io n ) .
When a l l  th e  r e a c ta n t s  and p ro d u c ts  a re  in  
th e  gaseous s t a t e  a t  a  p a r t i a l  p re s s u re  o f  1 a tm o s ., 
th e  well-know n r e la t io n s h ip  e x i s t s : -
-  AF = 4 .57  T lo g .  K.
AF i s  th e  f re e -e n e rg y  d ec re ase  in  c a lo r i e s  f o r  th e  
r e a c t io n  a s  i t  p roceeds from l e f t  t o  r i g h t ,  and r e p r e s e n ts  
th e  d if fe re n c e  in  f re e -e n e rg y  c o n te n t o f  a l l  th e  r e a c ta n t s  
and p ro d u c ts . T i s  th e  A b so lu te  te m p e ra tu re  in  deg. 
K e lv in , and K th e  e q u ilib r iu m  c o n s ta n t o f  th e  r e a c t io n ,  
p ro d u c ts  b e in g  in  th e  num erato r and r e a c ta n t s  in  th e  
denom inator, in  te rm s o f  th e  in d iv id u a l  p a r t i a l  p r e s s u re s  
in  a tm o sp h eres . For c a lc u la t io n s  t h i s  system  o f  u n i t s  
must be s t r i c t l y  adhered  to  in  u s in g  th e  above e q u a tio n .
On th e  b a s is  u sed  h e re  f o r  f re e -e n e rg y  v a lu e s ,  
a l l  e lem en ts in  t h e i r  norm al s t a t e  o f  a g g re g a tio n  a t  1 
a tm o s. /
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atm os. p re s s u re  and a t  any te m p e ra tu re  T a re  a r b i t r a r i l y  
a s s ig n e d  th e  v a lu e  o f  ze ro  f r e e -e n e rg y . In  t h i s  way th e  
f re e -e n e rg y  o f  any compound w i l l  have a p lu s  o r  minus 
v a lu e , s in c e  th e  f re e -e n e rg y  a t  any te m p e ra tu re  T i s  
m erely  th e  f re e -e n e rg y  o f  fo rm a tio n  from th e  e lem en ts 
a t  te m p e ra tu re  T.
From th e  e q u ilib r iu m  c o n s ta n t o f  a  chem ical 
r e a c t io n  i t  i s  th u s  p o s s ib le  to  c a lc u la te  th e  u l t im a te  
y ie ld s  w hich may be ex p e c te d , and a ls o  determ ine 
q u a n t i t a t iv e ly  th e  e f f e c t  o f  p re s s u re  on th e  e q u il ib r iu m  
co n v e rs io n  f o r  th o se  r e a c t io n s  a f f e c te d  by p r e s s u r e ,  i . e .  
th o se  in v o lv in g  in c re a s e  o r  d ec re a se  in  th e  number o f  
gaseous m o lecu les . I f  th e  e q u ilib r iu m  c o n s ta n t a t  
an o th e r  te m p e ra tu re  i s  r e q u ir e d ,  i t  i s  n e c e ss a ry  o n ly  to  
c a lc u la te  th e  f re e -e n e rg y  change a t  t h a t  te m p e ra tu re .
A ll  spontaneous r e a c t io n s ,  i . e .  th o s e  p ro ­
ceed in g  o f  t h e i r  own a c c o rd , in  th e  absence o f  any o u ts id e  
in f lu e n c e s ,  e .g .  e l e c t r i c a l  o r  m ag n etic , a re  a t te n d e d  by 
a  f re e -e n e rg y  d e c re a se . I f  a  r e a c t io n  in v o lv e s  on ly  one 
compound, and an e lem en t, e .g .  hydrogen , and y ie ld s  on ly  
one compound a s  p ro d u c t w hich has th e  same number o f  
carbon  atoms a s  th e  o r ig in a l  compound, th e  compound 
h av in g  th e  low er f re e -e n e rg y  under th e  p r e v a i l in g  
ex p e rim en ta l c o n d itio n s  i s  th e  more s t a b l e .
I t  i s  i n t e r e s t i n g  to  app ly  th e s e  therm odynam ical 
p r in c ip l e s /
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p r in c ip l e s  to  th e  a n a ly s is  o f  th e  m ethanol r e a c t io n s .
For th e  sake o f  convenience th e s e  w i l l  be d e a l t  w ith  
s e p a r a te ly  in  th e  o rd e r  in  w hich th e y  a re  in v e s t ig a te d  
e x p e r im e n ta lly , nam ely, ( 1 ) , deco m p o sitio n , ( 2 ) ,  s y n th e s i s .
Experim ents on th e  decom position  o f m ethanol 
o ver CuO/ZnO c a ta ly s t s  by F enske , F r o l i c h  and Q uiggle 
( J . I .E .C . ,  1928, 694) le d  them to  p u t fo rw ard  a  s te p ­
w ise  th e o ry  f o r  th e  decom position  o f  m ethanol
CH^OH HCHO + H2
iHCOUCH  ^ C0~4 H2
The ev idence th e y  p u t forw ard  in  fav o u r o f  t h i s  su g g e s tio n  
i s  th e  f a i r l y  c o n s ta n t amount o f  form aldehyde in  th e  
decom position  p ro d u c ts , th e r e  b e in g  an a p p re c ia b le  
v a r i a t io n  in  th e  amount formed on ly  in  th e  ca se  o f  th o s e  
c a t a l y s t s  o f  h ig h  Zn and h ig h  Cu c o n te n t . A nother p o in t  
in  fav o u r o f  th e  in te rm e d ia te  p ro d u c tio n  o f  fo rm aldehyde, 
th e y  s t a t e ,  i s  th e  h ig h  p ro p o r tio n  o f m ethyl fo rm ate 
p re s e n t  in  th e  decom position p ro d u c ts  when p u re  ZnO i s  
u sed  a s  c a t a l y s t .  T h is  i s  most r e a d i ly  e x p la in e d  by th e  
fo llo w in g  e q u a tio n :-
2 HCHO = HCOOCHj.
Carbon d io x id e  and m ethane a re  a ls o  p ro d u c ts  o f  
th e  r e a c t io n ,  due to  s id e  r e a c t io n s .  A ccording  to  th e  
eq u a tio n
2 CH^OH = CH4 4- C02 ♦ 2 ^ ,
th e y /
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th e y  sh o u ld  be p re s e n t  in  e q u iv a le n t am ounts, though  in  
many ca ses  th e  C02 i s  in  ex cess  o f  th e  CH4 - C ryder and 
F r o l i c h  ( J . I .E .C . ,  1929* 8 6 7 ) su p p o rt the  th e o ry  o f  
th e  in te rm e d ia te  fo rm atio n  o f  form aldehyde, and su g g e s t 
t h a t  C02 and w ate r a re  formed a c c o rd in g  to  e q u a tio n s
(1 ) and (11) fo llo w in g :-
( I )  CO+ h 2o = co2 + h2 ,
( I I )  2 CEjOH = CEjOCH^ +  ^ 0
A r e a c t io n  such a s  th e  l a t t e r  i s  h ig h ly  p ro b ab le  
w ith  c a ta ly s t s  c o n ta in in g  an  ex cess  o f  chromium o x id e , i t  
b e in g  p r in c ip a l ly  d eh y d ra tin g  in  c h a ra c te r  a s  shown by 
S a b a t ie r .  Sm ith (Sm ith  and Hawk, J .  Phys, Chem., 1928,
32, 414) observed  th a t  a  c o n s id e ra b le  amount o f  low - 
b o i l i n g  c o n s t i tu e n t  was formed in  th e  d eco m p o sitio n  o f 
m ethanol o ver a  chromium oxide c a t a l y s t .  T h is  i s  supposed
by C ryder and F r o l ic h  to  be d im ethy l e th e r ,  s in c e  Brown
and Galloway ( J . I .E .C . ,  1929» 310) d e f i n i t e l y  p roved  i t s  
e x is te n c e  as a b y e-p ro d u c t in  th e  s y n th e s is  o f  m ethanol 
from  carbon  monoxide and hydrogen  w ith  z in c  oxide/chrom ium  
oxide c a t a l y s t s .  I t  seems p ro b ab le  t h a t  i t  i s  f u r th e r  
d eh y d ra ted  acco rd in g  t o  th e  e q u a t io n : -
CH^OCH  ^ = C2H4 + ^ 0 .
F ro l ic h ,  Davidson and Fenske ( J . I .E .C . ,  1 9 2 9 , 1 1 0 )
u s in g /
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u s in g  Cu/ZnO c a t a l y s t s ,  f u r th e r  su p p o rt th e  s tep w ise  
th e o ry  o f  th e  decom position  o f  m e th an o l.
The p r in c ip a l  b y e -p ro d u c ts  o f  th e  r e a c t io n  
ap p e a r , th e n , to  be form aldehyde, m ethyl fo rm a te , 
u n s a tu ra te d  h y d ro carb o n s , carbon  d io x id e  and m ethane. 
E vidence o f  th e  o ccu rren ce  o f o th e r  s id e - r e a c t io n s  i s  
o b ta in e d  from th e  odour o f  th e  r e a c t io n  p ro d u c ts ,  w hich 
i s  n o t c h a r a c t e r i s t i c  o f  th e  main c o n s t i tu e n t s .  The 
main r e a c t io n ,  however, i s  th e  decom position  o f m ethanol 
t o  carbon  monoxide and hydrogen in  th e  approx im ate r a t i o  
o f  1 : 2 by volume (Fenske, P r o l i c h  and Q u ig g le , J . I . E . C . ,
1928, 6 9 4 ). These w orkers a ls o  found t h a t  w ith  Cu/ZnO 
c a t a l y s t s  th e r e  was maximum a c t i v i t y  w ith  50 mol% co p p e r, 
and t h a t  th e r e  was a sh a rp  r i s e  in  th e  p ro d u c tio n  o f 
m ethyl fo rm ate  up to  88 mol% C u ., r e s u l t i n g  in  80% o f  th e  
decomposed m ethanol o c c u rr in g  a s  su c h . W ith z in c  o x id e / 
chromium oxide m ix tu re s , C ryder and F r o l ic h  ( J . I .E .C . ,
1 9 2 9 , 8 6 7 ) found th a t  maximum a c t i v i t y  was o b ta in e d  w ith  
a  c a t a l y s t  o f  m o lecu lar p e rc e n ta g e  co m p o sitio n , Zn 78,
Cr 22 .
The fo llo w in g  r e a c t io n s ,  t h e r e f o r e ,  may be 
ta k e n  in to  account f o r  th e  decom position  o f  m ethanol a t  
a tm o sp h eric  p r e s s u r e .
(1 ) CH^OH = CO + 2H2
(2) CH^OH r  HCHO + Hg.
(3 /
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( 3 )  HCHO = CO +  H2 .
( 4 )  2HC0H = HCOOCHj.
The fo llo w in g  ta h le  g iv e s  th e  therm odynam ical d a ta  f o r  
th e s e  r e a c t io n s ,  c a lc u la te d  from f i g .
Table I .
R e ac tio n .
)—  ---- 2TT • -----------------g p ------------
250°C 300°c 250°C 300°C .
( 1 ) . CH^OH = CO + 2 ^ -6000 -8700 3 .2x10 2.1x10^
( 2 ) . CH^OH = HCHO + H2 + 5000 +5000 8.3X 10 '5 lx lO "2
( 3 ) . HCHO = CO+H2 -1 1000 ■13700 1 . 5x l04 1 .7 x l0 5
( 4 ) . 2HCHO = HCOOCH^ -  23400 -3 0 4 0 0 6.6x10^ 4X1011
I t  w i l l  be n o tic e d  t h a t  th e  e q u il ib r iu m  c o n s ta n t o f  each  
r e a c t io n  in c re a s e s  w ith  te m p e ra tu re , and t h a t  th e  f r e e -  
energy  v a lu e  d e c re a se s , excep t in  r e a c t io n  ( 2 ) .
W ith re g a rd  to  th e  su g g e s ted  s te p w ise  decom­
p o s i t io n  o f  m ethano l, a s  r e p re s e n te d  by r e a c t io n s  (2 ) and
(3) above, i t  i s  o f  i n t e r e s t  t o  n o te  t h a t  AF f o r  (2 ) has 
a  p o s i t iv e  v a lu e , in d ic a t in g  th a t  th e  r e a c t io n  i s  no t 
spon taneous und er th e  above c o n d i t io n s .  Prom th e  d a ta  i t  
i s  e v id e n t t h a t  a lth o u g h  r e a c t io n s  (1 ) to  (3 ) a re  p o s s ib le ,
(1 ) i s  therm o-dynam ica lly  more p ro b ab le  th a n  (2 ) fo llo w ed  
by ( 3 ) .  F u rth erm o re , f o r  a  s t e p - r e a c t io n  o f  th e  above 
ty p e  to  ta k e  p la c e ,  each  o f th e  s te p s  must n e c e s s a r i ly  
be sp o n tan eo u s. (Lewis and R andal, "Thermodynamics", p .6 0 1 , 
New York, 1 9 2 3 ). Thus th e  f re e -e n e rg y  d a ta  in d ic a te  t h a t  
t h e /
th e  decom position  o f  m ethanol a t  a tm o sp h eric  p re s s u re  i s  
more p ro b ab ly  d i r e c t  to  CO and H2 th a n  th ro u g h  form aldehyde
energy  change o f  r e a c t io n  (3 ) i s  g r e a t e r  th a n  t h a t  o f  
r e a c t io n  (1 ) ,  in d ic a t in g  th a t  form aldehyde i s  more r e a d i ly  
decomposed th a n  m ethanol a t  a tm o sp h eric  p r e s s u re ,  and t h i s  
i s  found ex p e rim e n ta lly  t o  be th e  c a s e .  R eac tio n  (3) 
ap p ea rs  to  be o f f s e t  by r e a c t io n  ( 4 ) ,  th e  p o ly m e ris a tio n  
o f  form aldehyde to  m ethyl fo rm a te . But ex p erim en ts  on 
th e  decom position  o f  form aldehyde a t  a tm o sp h eric  p re s s u re  
prove t h a t  under th e s e  c o n d itio n s  r e a c t io n  (3 ) and th e  
r e v e r s e  o f  r e a c t io n  (2 ) p redom inate  (See P a r t  I I ) .
may accoun t f o r  th e  p re se n ce  o f  m ethyl fo rm ate  in  th e  
decom position  p ro d u c ts  o f  m ethanol a t  a tm o sp h eric  
p r e s s u r e : -
On com parison o f th e  f re e -e n e rg y  changes o f  t h i s  r e a c t io n  
w ith  th o s e  o f  r e a c t io n  (4 ) how ever, i t  i s  e v id e n t t h a t  th e  
l a t t e r  i s  much more p ro b a b le .)
In  o th e r  w ords, a lth o u g h  i t  i s  p o s s ib le  t h a t  
m ethanol can  decompose to  carbon  monoxide and hydrogen 
th ro u g h  th e  in te rm e d ia te  fo rm a tio n  o f  fo rm aldehyde, i t
I t  w i l l  be n o t ic e d , how ever, t h a t  th e  f r e e -
( I t  i s  a ls o  p o s s ib le  t h a t  th e  fo llo w in g  r e a c t io n
A 3 ?2 5 0 ° = “A  4 1 0 ;  ^ ^ 300 °  = “ 9 8 0 .
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i s  therm odynam ically  much more p ro b ab le  t h a t  th e  decom position  
i s  n o t s te p w ise , e s p e c ia l ly  when th e  th e rm a l d a ta  f o r  th e  
f i r s t  s te p ,  i . e .  th e  fo rm a tio n  o f  form aldehyde, a re  
c o n s id e re d .
In  th e  ca se  o f  th e  in t e r a c t io n  o f  carbon  monoxide 
and hydrogen th e r e  a re  s e v e ra l  c o u rse s  th e  r e a c t io n  may t a k e : -
(1 ) CO+R2 = HCHO + 2000 c a lo r i e s .
(2 ) C0+ 2H2 = CH^ OH + 24685 "
(3 ) C0+ 3 ^  = CH4 + H20 + 50000 c a lo r i e s .
(4 ) 2 0 0 + 2 ^ =  CH4 + C 0 2 + 60280 "
(5 ) nC0+mH2 = h ig h e r  h y d ro carb o n s, a lc o h o ls ,  e t c .
(The h e a ts  o f  r e a c t io n  a re  g iv en  f o r  th e  r e a c ta n t s  and 
p ro d u c ts  in  th e  gaseous p h a s e .)
F re e -en e rg y  d a ta  w i l l  in d ic a te  w hich o f  th e  above r e a c t io n s  
w i l l  te n d  to  p redom ina te , e . g : -
H eac tio n  (1 ) A F100oc 7 000 c a l . ;  A  F4qo°c = + I65OO c a l .
" (2 ) ^ P 100 oc = - 25°° n ; ^ F400°c + 143 °0
(3) A F 100oc = -31000  - ; A F 400oc = -14000
(4) A F 100o0 = - J 66OO » . A F400oc = -1 6 5 0 0  "
At 100°C th e  f re e -e n e rg y  d ec rease  in d ic a te s  t h a t  th e  
re d u c t io n  o f  carbon  monoxide to  m ethanol i s  p o s s ib le ,  b u t 
so  f a r  no c a ta ly s t  has been found t h a t  w i l l  b r in g  abou t th e  
r e a c t io n  a t  t h i s  low te m p e ra tu re . At 400°C on th e  o th e r  
hand , th e  re d u c tio n  to  methane i s a  spon taneous r e a c t i o n .
The s ta g e  a t  w hich th e  r e a c t io n  s to p s  w i l l  be 
d e te rm in ed /
n
w
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determ ined  by th e  c a ta ly s t  em ployed, e .g .  n ic k e l  c a r r i e s  
th e  r e d u c t io n  com plete ly  to  m ethane, and ox ide c a t a l y s t s ,  
such  a s  m ix tu re s  o f  o x id es  o f  z in c ,  co p p er, chromium, 
m anganese, e t c . ,  c a r ry  i t  m ain ly  to  th e  m ethanol s ta g e .  
C a ta ly s ts  have y e t  to  be d isc o v e re d  w hich w i l l  s to p  th e  
r e a c t io n  a t  th e  form aldehyde s ta g e .
in  th e  above r e a c t io n s ,  i t  can  be seen  t h a t  th e  s y n th e s is  
o f  m ethanol p roceeds w ith  th e  g r e a t e s t  volume change, and 
would hence be favou red  w ith  in c re a s e d  p r e s s u r e .  
E q u ilib riu m  d a ta  f o r  t h i s  s y n th e s is  from carbon  monoxide 
and hydrogen a re  a s  fo llo w s
(N e w itt, Byrne and S tro n g , P ro c . Roy. S o c ., A123, 2 3 6 , 
(1 9 2 9 )) .
I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  th e  e q u il ib r iu m  
c o n s ta n t o f  th e  r e a c t io n  d ec re a se s  w ith  te m p e ra tu re . At 
a tm o sp h e ric /
From a  c o n s id e ra t io n  o f  th e  volumes concerned
Kp a
Temp., °C . Kp.
3 . 0x10100
300
340
380
260 1 . 2xlO “ 5 
1 .6x l 0 " 4 
2 . 9x1 0 " 5 
6 .3x10‘ 6
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a tm o sp h eric  p re s s u re  and room te m p e ra tu re  m ethanol i s  
p e r f e c t ly  s t a b l e ,  w h ils t  a t  300°C i t  e x i s t s  in  e q u il ib r iu m  
w ith  th e  t h e o r e t i c a l  p ro p o r tio n s  o f  hydrogen and carbon  
monoxide to  th e  e x te n t o f  l e s s  th a n  2% Even w ith  th e  
b e s t  c a t a l y s t s  however, i t  h a s  a p p a re n tly  been  im p o ss ib le  
to  c a r ry  out th e  s y n th e s is  a t  te m p e ra tu re s  much below  300°C, 
co rre sp o n d in g  to  p r a c t i c a l l y  no m ethanol p ro d u c tio n  a t  
a tm o sp h eric  p r e s s u re .  T h is  c l e a r ly  shows why a t te m p ts  to  
s y n th e s is e  m ethanol a t  a tm ospheric  p re s s u re  w ere bound to  
f a i l .
On th e  o th e r  hand, by c a lc u la t io n  th e  e q u il ib r iu m
fa v o u rs  a lm ost 100^ m ethanol a t  300°C u n d er a  p re s s u re  o f
2
1000 l b / i n .  W ith th e  most s e n s i t iv e  c a t a l y s t s  m oreover, 
i t  i s  n e c e ss a ry  to  u se  c o n s id e ra b ly  h ig h e r  p r e s s u re s  to  
fav o u r th e  fo rm a tio n  o f  m ethano l, and red u ce  th e  p o s s i b i l i t y  
o f  s id e  r e a c t io n s .  The p o s s i b i l i t y  o f  s id e  r e a c t io n s  
ta k in g  p la c e  i s  f u r th e r  reduced  by u s in g  more th a n  th e  
t h e o r e t i c a l  p ro p o r tio n  o f  hydrogen .
Lewis and F ro l ic h  ( J . I . E . C . ,  1928, 285) found t h a t  
th e  co n v e rs io n  o f  carbon  monoxide to  m ethanol in c re a s e d  w ith  
te m p e ra tu re  up t o  330°C, and th e n  f e l l  w ith  f u r th e r  
te m p e ra tu re  r i s e ,  and t h a t  th e  y i e l d  in c re a s e d  w ith  r a t e  o f  
gas flo w . They found a ls o  t h a t  th e  co n v e rs io n  o f  th e  
carb o n  monoxide was fav o u red  by in c re a s e  o f  p r e s s u r e ,  w h ile  
s id e  r e a c t io n s  in o re a se d  w ith  te m p e ra tu re .
The/
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The d a ta  o f  f i g .  1 (p28») may he a p p l ie d  to  th e  
r e a c t io n  betw een carbon monoxide and hydrogen w hich has 
th e  g r e a t e s t  tendency  to  p red o m in a te , nam ely: -
CO + 3 ^  = CH4 + ^ 0  
-  40500 + 0 + AF= -4500 "  50000
AF = -1 4 0 0 0  c a l .  a t  400°C 
The f re e -e n e rg y  d ec rease  shows t h a t  a t  t h i s  te m p e ra tu re  
th e  r e d u c t io n  o f carbon monoxide to  methane i s  a  v e ry  
com plete r e a c t io n  a s  judged  by th e  e q u ilib r iu m  y ie ld  w hich 
i s  p o s s ib le .  I f  th e  above r e a c t io n  i s  c o n s id e re d  in  th e  
r e v e r s e  d i r e c t io n ,  i t  w i l l  be seen  t h a t  i t  r e p r e s e n ts  
th e  method o f  p re p a ra t io n  o f  hydrogen from hydrocarbons 
by cau sin g  them to  r e a c t  w ith  steam  a t  te m p e ra tu re s  in  
th e  re g io n  o f  1000°C, where th e  re v e r s e  r e a c t io n  i s  
p o s s ib le  (m ethane-steam  r e a c t i o n ) .
In  t h i s  co n n ec tio n  i t  m ight be p roposed  to  
c a r ry  ou t a  r e a c t io n  such  a s  th e  fo llo w in g : -
CH4 + ^ 0  * CHjOH + Hg 
-4500 - 50000+AF=-26000 + 0
AF=+28500 c a l  s a t  400°C 
W hile i t  would be h ig h ly  d e s i r a b le  to  c a r ry  ou t such  a 
r e a c t io n ,  making n a tu r a l  gas in to  a  more v a lu a b le  p ro d u c t, 
th e  m agnitude o f  th e  f re e -e n e rg y  in c re a s e  in d ic a te s  th e  
im p o s s ib i l i ty  o f  doing  t h i s  a t  any p r a c t i c a l  te m p e ra tu re  
l e v e l .  I t  i s  u s e le s s ,  th e r e f o r e ,  t o  expend any energy  in  
t h i s /
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t h i s  d i r e c t io n ,  a s  th e  re v e rs e  r e a c t io n  i s  o b v io u s ly  
p red o m in a tin g .
The F isch e r-T ro p sch  p ro c e s s  f o r  th e  s y n th e s is  o f  
hydrocarbons h ig h e r  th a n  m ethane from w a te r-g a s  a t  
a tm ospheric  p re s s u re  can be an a ly se d  in  a  s im i la r  manner 
from th e  d a ta  o f  f i g .  1 (p.28a ) .  I t  i s  found th a t  such  
r e a c t io n s  a re  e n t i r e ly  p o s s ib le ,  even a t  a tm ospheric  
p re s s u re  and te m p e ra tu re s  up to  400°C. I t  must be borne 
in  mind, however, t h a t  th e  h ig h e r  m o lecu la r w eight 
hydrocarbons w hich r e s u l t  from t h i s  s y n th e s is  a re  l i k e l y  
to  be f u r th e r  reduced  to  m ethane, s in c e  methane i s  th e  
most s t a b le  hydrocarbon  a t  te m p e ra tu re s  n e a r  400°C.
T h is  d e s t ru c t iv e  h y d ro g en a tio n  o r h y d ro g en o ly s is  would be 
more a p t to  occur a t  h ig h  te m p e ra tu re s , f o r  h e re  a l l  
r e a c t io n  v e l o c i t i e s  a re  in c re a s e d , and th e  s p e c i f i c  a c t io n  
o f  a  c a t a l y s t  i s  in  g e n e ra l reduced  m arked ly . The l a t t e r  
i s  shown to  be th e  ca se  in  th e  experim en ts on th e  
decom position  o f  m ethanol and form aldehyde w hich fo llo w . 
T em perature c o n t ro l  h as  th e r e f o r e  been found to  be a  h ig h ly  
im p o rtan t f a c to r  in  th e  F isc h e r-T ro p sc h  p ro c e s s , and in  
g e n e ra l  f o r  a l l  h y d ro g en a tio n  ( c a t a l y t i c )  r e a c t io n s .
Fig*.l*fr**show  t h a t  a t  100°C th e  norm al a lc o h o ls  
have low er f re e -e n e rg y  v a lu e s  th a n  th e  co rresp o n d in g  a ld e ­
h y d es . h y d ro g en a tio n  i s  th e r e f o r e  p o s s ib le  i f  c a t a l y s t s  
can be found t o  b r in g  abou t th e  r e d u c t io n  w ith  re a so n a b le  
sp eed /
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sp eed . At h ig h e r  te m p e ra tu re s , e .g .  400°C, i t  i s  seen  
th a t  th e  a ldehydes p o sse ss  low er f r e e - e n e r g ie s  th a n  th e  
co rresp o n d in g  a lc o h o ls .  T h is  means t h a t  th e  norm al 
spon taneous tendency  a t  t h i s  te m p e ra tu re  i s  f o r  th e  
a lc o h o ls  to  delaydrogenate to  y i e ld  a ld e h y d es . S ince th e  
re d u c t io n  p roceeds w ith  a  d ec rease  in  volum e, i t  i s  
p o s s ib le  to  c a r ry  i t  out a t  t h i s  te m p e ra tu re  und er p r e s s u re ;  
b u t w ith o u t th e  a p p l ic a t io n  o f p re s s u re  th e  r e d u c t io n  
would no t be f e a s ib le  a t  400°C. T h is  r e d u c t io n  o f  a ldehydes 
to  a lc o h o ls  i s  a p t to  be accom panied by s id e  r e a c t io n s ,  
due to  th e  tendency  to  com plete h y d ro g en a tio n  to  m ethane. 
T h is  i s  in  f a c t  th e  c a s e , u n le s s  th e  c o n d itio n s  a re  c a re ­
f u l l y  chosen .
The mechanism o f th e  h ig h e r  a lc o h o l s y n th e s is  i s  
g e n e ra l ly  supposed to  be a s  fo l lo w s : -  
2 CH^OH —» C2H5OH +1^0 
CH^
2C2H50H - 4 C ^ O H  + HgO, e t c .
T h is  may be t y p i f i e d  b y :-
2CH3OH —» c2h5oh + H20 
2 (-26 2 2 0 0 )+dF = 2 (-8 4 0 0 ) +-50000
AF = -14400 c a l s . a t  400°C. 
Therm odynam ically t h i s  co n d en sa tio n  i s  e n t i r e ly  p o s s ib le ,  
a s  th e  r e a c t io n  p roceeds w ith  a  r e l a t i v e l y  la rg e  d ec re ase  
in  f r e e -e n e rg y . To c a r ry  ou t t h i s  r e a c t io n ,  c a ta l y s t s  
p o s s e s s in g /
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p o s se s s in g  d eh y d ra tin g  a s  w e ll a s  condensing  p r o p e r t ie s  
would be r e q u ir e d .  Thus, f re e -e n e rg y  d a ta  a re  u s e fu l  
n o t on ly  in  d e te rm in in g  w hether o r  no t a  p a r t i c u l a r  o v e r­
a l l  r e a c t io n  i s  p o s s ib le ,  b u t a ls o  in  i n t e r p r e t in g  
r e a c t io n  mechanisms and in  a id in g  in  th e  ch o ice  o f  
c a t a l y s t s  f o r  th o se  r e a c t io n s  w hich seem most f e a s ib l e .
R e v e rtin g  to  th e  m ethanol s y n th e s is ,  th e  
fo llo w in g  r e a c t io n s  can be c o n s id e red  p o s s ib le  a t  one 
and th e  same t im e :-
T able I I .
R e a c tio n .
A F . Kp.
250°C 300°C 250°C 300°C
(1 ) C0+ Eg* ECHO + 11000 + 13700 3 .5x lO “ 5 5.9x10"*
( 2 ) HCHO+ CH^ OH -5000 -5 0 0 0 1 . 2x l 02 9 . 8x10
(3 ) C0+ 2H2 = CH^OH + 6000 + 8700 3 . 1i lO " 3 4.8x10"'*
(4) 2HCH0 = HCOOCHj -23400 -30400 6 . 6x1 0 ^ 4X1011
At f i r s t  s ig h t  i t  would ap p ear from th e  f ig u re s  o f  th e  
above t a b l e  th a t  th e  s y n th e s is  o f  m ethanol i s  v ery  
u n l ik e ly ,  b u t when i t  i s  remembered t h a t  th e  p re s su re  
a l t e r s  th e  e q u ilib r iu m , i t  w i l l  be seen  t h a t  th e  p ro c e ss  
becomes f e a s i b l e .  C o n sid erin g  th e  above d a ta  o f  r e a c t io n s  
( 1 ) and (3 ) ,  th e  l a t t e r  i s  therm odynam ically  th e  more 
p ro b a b le , though  b o th  a re  p o s s ib le .  Of r e a c t io n s  (2 ) and
( 4 ) ,  th e  l a t t e r  i s  f a r  more p ro b ab le  th a n  th e  fo rm er.
T h is l a t t e r  i s  found t o  be th e  ca se  e x p e rim e n ta lly , a l l  
e f f o r t s /
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e f f o r t s  to  hydrogenate  form aldehyde und er p re s s u re  to  
m ethanol r e s u l t in g  in  p o ly m e risa tio n  in  p re fe re n c e  to  
h y d ro g en a tio n  (see  P a r t  I I ] ) .  I t  would seem, th e n ,  t h a t  
under th e  s ta n d a rd  c o n d it io n s  ( f o r  th e  d e f in i t io n  o f  Kp 
andA F  a s  u sed  h e r e ) i t  i s  more p ro b ab le  t h a t  m ethanol i s  
form ed by r e a c t io n  (3 ) th a n  by r e a c t io n  (1 ) fo llo w ed  by 
r e a c t io n  ( 2 ) ,  remembering t h a t  r e a c t io n  (4 ) i s  f a r  more 
p ro b ab le  th a n  r e a c t io n  ( 2 ) .  F ig . 2 i l l u s t r a t e s  g r a p h ic a l ly  
th e  r e a c t io n s  in v o lv ed  in  th e  s y n th e s is  o f  metha no l  from 
carbon  monoxide and hydrogen .
3 0 0
TEMPERATURE,DEC. C.
F i g . 2 .  Thermodynamical  d a t a  o f  m e thano l  
s y n t h e s i s  and a l l i e d  r e a c t i o n s .
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EXPERIMENTAL SECTION.
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PART I .
THE DECOMPOSITION OF METHANOL AT ATMOSPHERIC PRESSURE 
WITH Zn/Cr OXIDE CATALYSTS.
-  46
CHAPTER V I I .
PREPARATION. ANALYSIS AND REDUCTION OF CATALYSTS. 
P r e p a r a t io n .
The method adop ted  was t h a t  o f  C ryder and 
F ro l ic h  ( J . I .E .C . ,  1929, 8 6 7 . )  w hich i s  a s  fo llo w s 
A c o n c e n tra te d  s o lu t io n  o f  z in c  n i t r a t e  was p re p a re d  "by 
d is s o lv in g  ch em ica lly  p u re  z in c  ox ide  in  5 0 n i t r i c  a c id .  
T h is  s o lu t io n  was h e a te d  to  abou t 80°C. and c o n c e n tra te d  
ammonia s o lu t io n  added w ith  c o n s ta n t s t i r r i n g  t i l l  th e  
s o lu t io n  was f r e e  from a c id .  On s e t t l i n g ,  th e  c l e a r  
l iq u o r  was decan ted  o f f ,  and th e  p r e c i p i t a t e  washed w e ll 
w ith  w a te r  a t  about 80°C ., u s in g  3 w ashings o f  1 l i t r e  
each . The s lu r r y  was a n a ly se d  f o r  z in c  c o n te n t (see  
" A n a ly s is " ) , and about 500 c c . o f  i t  w eighed o u t ,  and 
th e  c a lc u la te d  q u a n t i ty  o f  s o l id  chrom ic a c id  added.
Where i t  was in  c o n s id e ra b le  e x c e s s , th e r e  was s t i l l  
enough w a te r  in  th e  z in c  hydrox ide p a s te  to  d is s o lv e  th e  
chrom ic a c id .  T h is  m ix tu re  was ev a p o ra ted  t o  d ry n ess  
w ith  c o n tin u a l s t i r r i n g ,  th e  f i n a l  s ta g e s  b e in g  c a r r ie d  
out on a  w a te r -b a th  t o  p re v e n t o v e rh e a tin g . A f te r  
d ry in g  in  t h i s  manner, th e  mass was b roken  u p , sc reen ed  
betw een 10 and 40 mesh (I.M .M .) and f i n a l l y  d r ie d  in  an 
a i r  oven a t  110°C. f o r  two h o u rs . A f te r  c o o lin g , i t  was 
s to re d  in  a  w e ll-s to p p e re d  b o t t l e .  I t  was found t h a t  
o a ta ly s t s  c o n ta in in g  a  h ig h  p ro p o r tio n  o f  chromium were 
d e l iq u e s c e n t ,  and some d i f f i c u l t y  was ex p e rie n ce d  in  
h a n d lin g /
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h an d lin g  them .
Nine sam ples were p re p a re d  in  t h i s  m anner, th e  
e s tim a te d  range b e in g  from abou t 15 mol.% Zn. to  about 
75 m ol.7» Zn.
A n a ly s is  o f  C a ta ly s t s .
About 2 gms. o f  th e  sample were d is s o lv e d  in  
100 c c . o f  w a te r  and h y d ro c h lo r ic  a c id .  20 c c s .  o f  
th e  s o lu t io n  were u sed  f o r  th e  e s t im a tio n  o f  chromium 
by th e  u s u a l io d o m etric  m ethod. A f u r th e r  20 c c s .  were 
u sed  f o r  th e  e s t im a tio n  o f  z in c  by th e  fe r ro c y a n id e  
m ethod, th e  p rocedure  b e in g  a s  fo llo w s 
The chrom ic s a l t  was reduced  w ith  S02 , and th e  ex cess  
S02 b o i le d  o ff*  To t h i s  were added abou t 5 gms. o f  s o l id  
NH4d , A 5 c c s .  o f  c o n c e n tra te d  H^SC^, and th e  s o lu t io n  
th e n  d i lu te d  to  about 200 c c s .  w ith  w a te r  a t  a  te m p e ra tu re  
n o t exceed ing  30°C. Three d rops o f  a  5# s o lu t io n  o f  
diphenylam ine in  c o n c e n tra te d  were added as
in d ic a t o r .  T h is s o lu t io n  was t i t r a t e d  w ith  s ta n d a rd  
N/10 po tassium  fe r ro -c y a n id e  c o n ta in in g  0 .5  gms. p o tassiu m  
f e r r ic y a n id e  p e r  l i t r e .  T h is  fe r ro c y a n id e  s o lu t io n  had 
been p re v io u s ly  s ta n d a rd is e d  a g a in s t  a  s o lu t io n  o f  z in c  
s u lp h a te  o f  known z in c  c o n te n t ,  and exposed to  l i g h t  a s  
l i t t l e  a s  p o s s ib le .
T h is was found to  be a  qu ick  and a c c u ra te  method
o f /
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o f  a n a ly s i s ,  and th e  r e s u l t s  were o b ta in e d  on a  d i r e c t  
w eight : w eigh t b a s i s .
R eduction  o f  C a ta ly s t s .
The re d u c tio n  o f  z in c  oxide/chrom ium  oxide 
c a t a l y s t s  by m ethanol i s  s t r o n g ly  ex o th e rm ic , th e  h e a t 
evo lved  in  many in s ta n c e s  b e in g  s u f f i c i e n t l y  g r e a t  to  
cause incandescence  o f  th e  c a ta ly s t  m ass, w ith  accom panying 
im p a ired  a c t i v i t y .  A u d ib ert and R aineau  ( J . I .E .C . ,  1928, 
1 1 0 5 . )  s t a t e  t h a t  i t  i s  e s s e n t i a l  t o  c a r ry  ou t th e  re d u c tio n  
a t  a s  low a te m p e ra tu re  a s  p o s s ib le ,  and F r o l ic h  and 
Nussbaum ( J . I .E .C . ,  1931# 1 3 8 6 .) , u s in g  c a t a l y s t s  o f  th e  
Zn/Cu ty p e , s t a t e  t h a t  th e  a c t i v i t y  o f  th e  c a t a ly s t  depends 
on i t s  te m p e ra tu re  o f  r e d u c t io n ; g e n e ra l ly  th e  h ig h e r  th e  
r e d u c t io n  te m p e ra tu re , th e  low er i s  th e  r e s u l t i n g  a c t i v i t y .  
They s t a t e  t h a t  a te m p e ra tu re  o f  240 -  250°C. i s  b e s t .
I t  was th e r e f o r e  d ec id ed  to  c o n t ro l  th e  r e d u c t io n  
by d i lu t in g  th e  red u c in g  m ethanol vapour w ith  n i t r o g e n .
The c a ta ly s t  was h e a te d  f o r  fo u r  hou rs a t  a 
te m p e ra tu re  o f  220 -  230°C. in  a  s tream  o f  n i tro g e n  (ap p ro x . 
10 L /h r . )  t o  d r iv e  o f f  o x id es  o f  n i t r o g e n ,  w a te r , e t c .  
(F r o l ic h  and Nussbaum, J . I . E .C . ,  1931# 1 3 8 6 .) , and th e n  
m ethanol vapour p assed  in  ( f o r  method see  "P ro ced u re" ,
Ch. V I I I ) .  No re d u c tio n  to o k  p la c e  u n t i l  th e  te m p e ra tu re  
was r a i s e d  to  about 250°C. The commencement o f  r e d u c t io n  
was m a n ife s ted  by a sudden, sh a rp  r i s e  in  te m p e ra tu re , 
accom panied/
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accom panied by a  f u r th e r  e v o lu tio n  o f  n i t r o u s  fumes fo r  
a  p e r io d  o f  about f iv e  m in u te s . T h is  r i s e  in  tem p era tu re  
was checked by red u c in g  th e  su p p ly  o f  m ethanol t o  th e  
system . I t  was found d i f f i c u l t  t o  keep th e  te m p e ra tu re  
o f  re d u c tio n  below 280 -  290°C. due to  th e  e v o lu tio n  
o f  th e  h e a t o f  r e d u c t io n , even a lth o u g h  th e  fu rn ace  
te m p e ra tu re  was about 240 -  250°C . T h is  range  was 
th e r e f o r e  f ix e d  a s  a  s ta n d a rd  f o r  r e d u c t io n .  The 
te m p e ra tu re  o f  re d u c tio n  was m a in ta in ed  by v a r ia t io n  
o f  th e  r a t e  o f  flo w , and more p a r t i c u l a r l y ,  by v a r i a t io n  
o f  th e  c o n c e n tra t io n  o f  m ethanol in  th e  m e th a n o l/n itro g e n  
red u c in g  m ix tu re . In c re a s e d  c o n c e n tra t io n  o f  m ethanol 
r e s u l t e d  in  a r i s e  in  te m p e ra tu re .
When th e  te m p e ra tu re  s t a r t e d  to  f a l l ,  and was 
no t r a i s e d  a g a in  by in c re a s in g  th e  m ethanol c o n c e n tra t io n , 
re d u c tio n  was judged  to  be com plete, and m ethanol was 
p assed  in  f o r  a f u r th e r  45 m inu tes a t  a  s ta n d a rd  r a t e  o f  
2 .5  g m s ./h r . in  a  s tream  o f  n i tro g e n  a t  4 L /h r . The 
red u ced  c a ta ly s t  was co o led  in  a  s tream  o f n i t ro g e n ,  and 
s to re d  in  a t i g h t l y  s to p p e re d  b o t t l e .  Samples o f  th e  
reduced  c a t a l y s t s  were t e s t e d  f o r  com pleteness o f  re d u c tio n  
by b o i l in g  w ith  w a te r  f o r  2 - 3  m in u te s . Any ye llow  
c o lo u r  in  s o lu t io n  was an  in d ic a t io n  o f incom plete 
r e d u c t io n .
As a lre a d y  s t a t e d ,  th e  a c t i v i t y  o f  b o th  su p p o rted
and /
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and n o n -su p p o rted  c a t a l y s t s  i s  g r e a t ly  a f f e c te d  by th e  
h e a t tre a tm e n t to  w hich th e y  a re  s u b je c te d , and th e re fo re  
i t  was im p o rtan t t o  s ta n d a rd is e  th e  re d u c tio n  c o n d itio n s  
o f  th e  c a t a l y s t s  i f  c o n s is te n t  r e s u l t s  were to  be 
o b ta in e d .
As i t  was found in  th e  co u rse  o f  experim en ts 
t h a t  th e  c a t a l y s t s  l o s t  a c t i v i t y  on s t o r i n g  in  th e  
reduced  s t a t e ,  (se e  page 8 2 ) ,  th e  r e q u ir e d  amount o f  
c a ta ly s t  was red u ced  im m ediately  b e fo re  b e in g  u sed  in  
an ex p erim en t. The c o n d itio n s  were s l i g h t l y  m o d ified , 
bu t in  g e n e ra l were th e  same a s  d e s c r ib e d  b e fo re .  
A pproxim ately 5 .5  ccs . o f  c a t a l y s t  w ere red u ced , a s  th e  
volume d im in ish ed  d u rin g  r e d u c t io n .  R eduction  was com­
p le te  (a s  judged  by th e  te m p e ra tu re  f a l l  p re v io u s ly  
d e s c r ib e d ) in  10 -  20 m in u te s , depending on th e  com position  
o f  th e  sam ple, e .g .  th o s e  w ith  a  h ig h  p ro p o r tio n  o f 
chromium r e q u i r in g  more tim e  th a n  th o s e  h ig h  in  z in c .
A f te r  c o o lin g , 5 c c s .  o f  th e  c a t a l y s t  were w eighed and 
u sed  f o r  th e  d eco m p o sitio n s.
F ig  3 . i l l u s t r a t e s  th e  v a r i a t io n  in  d e n s ity  o f  
th e  mixed c a t a l y s t s  w ith  co m p o sitio n , and i s  n e c e s s a r i ly  
approx im ate .
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MOL PER CENT ZN.
F . ig .3 .  V a r i a t i o n  i n  d e n s i t y  o f  Z n /C r  o x ide  
c a t a l y s t s  w i t h  c o m p o s i t i o n .
I t  was found, t h a t  th e  more a c t iv e  c a t a l y s t s  
evolved a  g r e a t e r  amount o f  h e a t  d u rin g  re d u c t io n  th a n  
th o se  l e s s  a c t iv e ,  and th u s  had t o  he reduced  w ith  a  more 
d i lu t e  m ix tu re  o f  m ethanol in  n i t r o g e n .  G e n e ra lly , th e  
more a c t iv e  th e  c a t a l y s t ,  th e  low er was th e  tem p era tu re  
a t  which re d u c tio n  commenced, e.g. with a sanple c o n ta in in g  
68 .8  mol% Zn, r e d u c t io n  s t a r t e d  a t  abou t 250°C. ,  w h ile  
one w ith  1 8 .8  mol^ Zn re q u ir e d  a  te m p e ra tu re  o f  about 
280°C. to  s t a r t  r e d u c t io n .
As a r e s u l t  o f  work c a r r ie d  ou t on m ethanol 
c a t a l y s t s ,  Fenske and F r o l ic h  ( J . I . E . C . ,  1929, 1 0 5 2 .) 
u s in g /
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u s in g  carbon  monoxide and hydrogen , concluded  th a t  th e  
c a t a ly s t  was reduced  by carbon  m onoxide, and n o t by 
hydrogen, form ed by  th e  decom position  o f  th e  m ethanol.
T h is p o in t  was in v e s t ig a te d  d u rin g  th e  r e d u c t io n  o f 
abou t 5 c c s .  o f  a c a t a l y s t  o f  com position  6 8 .8  mol% Zn.
The g ases  is s u in g  d u rin g  th e  p e r io d  o f  r e d u c t io n  (p e r io d  
o f r a i s e d  te m p e ra tu re )  were c o l le c te d  a f t e r  sc ru b b in g  
w ith  w ate r to  remove n i t r o u s  fumes d u rin g  th e  i n i t i a l  
s ta g e s ,  and a n a ly se d . The fo llo w in g  i s  th e  com position  
(N2 f r e e ) : - H 2 . CO. . .  8%; C02 . . .  46%; CH4 . . .  n i l .
When m ethanol i s  decomposed, th e  gas produced  
c o n s is ts  o f  66% and 337° CO ap p ro x im a te ly , i f  no 
re d u c tio n  o f  th e  c a t a l y s t  ta k e s  p la c e .  These v a lu e s  a re  
reduced  a s  fo llo w s
E^, from 66% to  46%, a  r e d u c t io n  o f  3 : 2 approx .
CO, from 33% t o  8%, a  r e d u c t io n  o f  4 : 1 approx .
I t  would th u s  seem t h a t  r e d u c t io n  i s  more p ro b ab ly  by
carbon monoxide th a n  by hydrogen .
The w a te r-g a s  r e a c t io n  i s  a s  fo llo w s 
CO +  ^ O  = C02 + H 2 .
(w a te r  b e in g  formed by hydrogen red u c in g  th e  ox ide c a t a l y s t . 
I f  t h i s  r e a c t io n  o c c u rs , r e d u c t io n s  in  th e  p ro p o r tio n s  o f  
carbon  monoxide and hydrogen s im i la r  t o  th e  above w i l l  
a ls o  be o b ta in e d . The r e s u l t s  a re  th e r e f o r e  in d e te rm in a te , 
and can be in te r p r e te d  e i t h e r  way.
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CHAPTER V I I I . 
APPARATUS AND PROCEDURE.
A p p ara tu s .
The la y o u t o f  th e  a p p a ra tu s  i s  shown in  f i g .  4.
J FEET.
F i g . 4 .  A p p a r a t u s  f o r  d e c o m p o s i t i o n  o f  m e th a n o l  
a t  a t m o s p h e r i c  p r e s s u r e .
A. Gray a p p a ra tu s . B. C a l ib ra te d  flow  m ete r.
C. CaCl2 d ry in g  tu b e . D. T h e rm o sta t.
E. M ethanol v a p o r is e r . F . N2 e n t ry .
G. P re h e a te r . H. F urnace and r e a c t io n  v e s s e l .
J . 2-way cock . K. Immersion co n d en ser.
L. W ater sc ru b b e r . M. Gas r e c e iv e r .
N. S c rew -c lip  r e g u la to r . 0 . Thermocouple le a d s  to  
m i l l iv o l tm e te r .
P. Manometer. R. V en ting  cock .
S. M il l iv o l tm e te r .
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The m ethanol was v a p o r ise d  by p a s s in g  a  steady  
stream  o f  n i tro g e n  th ro u g h  i t ,  th e  m ethanol b e in g  kep t 
a t  a f ix e d  tem p era tu re  in  a  th e rm o s ta t .  The s te ad y  
stream  o f  n i tro g e n  was o b ta in e d  from a Gray C onstan t 
P re ssu re  D e liv e ry  A ppara tu s (G ray, J . S . C . I . ,  1928, 47, 
1 8 ? .)  w hich i s  shown in  f i g .  5 - th e  r a t e  b e in g
determ ined  by th e  head  o f  w a te r  ' h ' .
F i g . 5 .  Gray C o n s t a n t  P r e s s u r e  
D e l i v e r y  A p p a r a t u s .
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The m ethanol was c o n ta in e d  in  a  v a p o r is in g  tu b e  ( f i g . 6)
F i g  6 .  M e th a n o l  V a p o r i s e r .
I t  w i l l  be n o t ic e d  t h a t  th e  o u t l e t  o f  th e  v a p o r is e r  i s  a t  
an ang le  to  th e  s id e  o f  th e  tu b e . The reaso n  f o r  t h i s  was 
to  d ra in  back any p a r t i a l l y  condensed m ethanol fromjthe 
co n n ec tio n  to  th e  p r e h e a te r  in to  th e  v a p o r is e r .  W ith th e  
o u t l e t  h o r iz o n ta l  i t  was found on rem oving th e  
v a p o r is e r  f o r  w eighing a f t e r  an ex p erim en t, t h a t  a  drop 
o f  m ethanol c o l le c te d  a t  th e  ju n c t io n  to  th e  p r e h e a te r ,  
and was l o s t ,  a f f e c t in g  th e  mass b a la n c e .
A ll th e  n i tro g e n  e n te r in g  th e  a p p a ra tu s  was
d r ie d /
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d ried , by means o f  th e  CaCl2 tu b e s ,  th o se  in s e r t e d  b e fo re  
th e  flo w -m eters  p re v e n tin g  co n d en sa tio n  o f  m o is tu re  in  
th e  o r i f i c e s .
P re lim in a ry  ex p erim en ts  showed t h a t  th e  oxygen- 
b a lan ce  was 2 - 3 %  h ig h , and th e  cause o f t h i s  was t r a c e d  
to  th e  n i tro g e n  su p p ly . The c y l in d e r  n i tro g e n  was 
an a ly sed , and was found t o  c o n ta in  abou t 1.3% oxygen.
This was removed by b u b b lin g  th e  gas th ro u g h  a s o lu t io n  o f 
th e  fo llo w in g  co m p o sitio n : -
Sodium hydro s u lp h i te  40 gms.
Sodium hydrox ide 30 "
A nthraquinone 2 -su lp h o n ic  a c id  
(sodium s a l t )  5 n
W ater 250 c c s .
T his s o lu t io n  was p r e f e r r e d  to  p y ro g a l lo l  o r  phosphorus, 
a s  th e  form er te n d s  t o  l i b e r a t e  carbon  monoxide on 
s a tu r a t io n ,  and w ith  th e  l a t t e r ,  d i f f i c u l t y  i s  found  in  th e  
rem oval o f  th e  P20^ fum es.
L a te r  chromous c h lo r id e  was u sed  and was found 
to  be even b e t t e r  th a n  th e  h y d ro s u lp h ite  s o lu t io n .
The method o f  v a p o r is a t io n  o f th e  m ethanol u sed  
was p r e f e r r e d  to  th e  method o f  d ropp ing  th e  m ethanol from 
a  b u r e t te  in to  a tu b e  h e a te d  to  a  te m p e ra tu re  above th e  
b o i l in g  p o in t  o f  m ethano l, f i r s t  b ecau se  a d i r e c t  g ra v im e tr ic  
means o f  e s t im a tio n  was d e s ire d ,  and se co n d ly , becau se  th e  
d r ip /
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d r ip  method g iv e s  r i s e  t o  an in te r m i t ta n t  flow , and hence 
v a r ie d  r a t e ,  o f  th e  m ethanol vapour over th e  c a t a l y s t .  
N itrogen  was u sed  a s  th e  i n e r t  medium fo r  th e  conveyance 
o f th e  m ethano l, a s  i t  i s  n o t a p p re c ia b ly  adso rbed  on th e  
c a t a ly s t  s u r fa c e  (T ay lo r and  h is  co -w o rk ers , J .A .C .S . ,  1921,
4 3 , 1 2 7 3 , 2 1 7 9 ; 1923, 4 5 , 8 8 7 , 9 0 0 , 1 1 9 6 , 2 2 3 5 ;
1924, 46, 43; e t c . ) .
T h is  method o f  v a p o r is a t io n  o f  th e  m ethanol was 
found to  be v ery  co n v e n ien t, a s  th e  r a t e  o f  flow  co u ld  be 
v a r ie d  sim ply  by v a ry in g  th e  v e lo c i ty  o f  th e  n i tro g e n  
th ro u g h  i t .  M oreover, th e  amount o f  v o l a t i l i s a t i o n  co u ld  be 
kep t alm ost c o n s ta n t over a la rg e  number o f  e x p e rim e n ts .
The m ix tu re  o f  m ethanol and n i t r o g e n ,  a f t e r  be ing  
p re h e a te d  to  about 200°C in  th e  p r e h e a te r ,  p a s se s  in to  th e  
r e a c t io n  v e s s e l ,  shown in  f i g .  7.
TV. SHSATH
P i g . 7 .  R e a c t i o n  V e s s e l .
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The g ases  a re  f u r th e r  h e a te d  by  p a s s in g  th ro u g h  th e  c o i l ,  
and p a s s  in to  th e  c a t a l y s t  space a t  th e  same tem p era tu re  
as  th e  c a t a l y s t  i t s e l f .  The te m p e ra tu re  was m easured 
by means o f  a  copper/m onel therm ocoup le , th e  s i l i c a  sh e a th  
o f  which was embedded in  th e  mass o f  th e  c a t a l y s t  so  th a t  
th e  t i p  was ap p ro x im a te ly  in  th e  c e n tr e  o f  th e  c a t a l y s t .
The p ro d u c ts  o f  th e  r e a c t io n  were p a ssed  th ro u g h  
two condensers immersed in  a  m ix tu re  o f  s o l id  carbon  
d io x id e  and e th y l  a lc o h o l ,  w ith  a  tem p era tu re  o f  
app rox im ate ly  -  80°C. A lcohol was p r e f e r r e d  to  e th e r  
as b e in g  l e s s  v o l a t i l e .  F ig . 8 i l l u s t r a t e s  th e  co n d en ser.
£ * r* Y
f ig . 8. Immersion Condenser.
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A b lan k  experim ent w ith o u t c a t a l y s t  showed t h a t  w ith  a 
s ta n d a rd  r a t e  o f  2 .5  -  2 .6  gms. m ethanol in  4 l i t r e s / h r .  
o f  th e  amount re co v e re d  in  th e  two condensers  in  
s e r i e s  was o ver 99-5% o f  th e  m ethanol v a p o r is e d . T his 
method o f re c o v e ry  o f th e  l i q u i d  p ro d u c ts  ( in c lu d in g  
undecomposed m ethanol) has th e  advantage over th e  u su a l 
sc ru b b in g  method in  t h a t  lo s s e s  due t o  reco v e ry  o f  
th e  undecomposed m ethanol by d i s t i l l a t i o n  a re  e n t i r e ly  
e l im in a te d , and a d i r e c t  g ra v im e tr ic  r e s u l t  i s
o b ta in ed  fo r  th e  t o t a l  condensab le  p ro d u c ts .
<1
The w a te r  sc ru b b e r ( f i g  .^overleaf) s e rv e s  to  
remove th e  l a s t  t r a c e s  o f  uncondensed m a te r ia l  from 
th e  gas s tre a m . Only t r a c e s  o f  form aldehyde were 
found in  t h i s ,  and a s  form aldehyde i s  more v o l a t i l e  
a t  -80°C . t ha n m ethano l, i t  was assumed t h a t  a l l  th e  
undecomposed m ethanol was tra p p e d  in  th e  c o n d e n se rs .
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• F i g .  9 .  H a t e r  S c r u b b e r .
A fte r  sc ru b b in g  w ith  c o ld  w ater (approx . 75 c c s . / h r . ) ,  
th e  g ases  were c o l le c te d  in  a  c a l ib r a te d  a s p i r a to r  o f  
10 l i t r e s  c a p a c i ty ,  o v e r a  s a tu r a te d  b r in e  s o lu t io n .
The p re s s u re  was r e g u la te d  by means o f  a  s c re w -c lip  
f i t t e d  w ith  a la rg e  head  f o r  f in e  ad ju s tm en t.
E xperim en ta l P ro c ed u re .
The p ro ced u re  employed in  a l l  th e  t e s t s  was 
ex trem ely  s im p le . The re q u ir e d  q u a n t i ty  o f  th e  red u ced  
c a t a ly s t  was p la c e d  in  th e  r e a c t io n  cham ber, th e  whole 
sy stem /
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system  th o ro u g h ly  f lu s h e d  w ith  n i tro g e n  and th e  c a ta ly s t  
h e a te d  to  th e  r e q u ire d  te m p e ra tu re . The co n d en sers  were 
now immersed in  th e  f r e e z in g  m ix tu re , and th e  a s p i r a to r  
f i l l e d  w ith  th e  b r in e ,  th e  f lu s h in g  n itro g e n  b e in g  v en ted  
th ro u g h  th e  ta p  a t  th e  to p .  When th e  te m p e ra tu re  o f  th e  
c a ta ly s t  was s te a d y , th e  f lu s h in g  was s to p p e d , and th e  
weighed v a p o r is e r  c o n ta in in g  m ethanol a t ta c h e d .  About 
f iv e  m inutes was a llow ed  f o r  th e  m ethanol to  re a c h  th e  
tem p era tu re  o f  th e  th e rm o s ta t ,  and th e n  th e  n i t r o g e n  from 
th e  Gray a p p a ra tu s  was p assed  in to  th e  v a p o r is e r ,  th e  
ta p  a t  th e  to p  o f  th e  a s p i r a to r  now b e in g  c lo s e d . The 
p re s su re  was k ep t a t  a tm ospheric  by means o f  th e  screw - 
c l ip  r e g u la to r .
At th e  end o f  th e  t e s t ,  th e  n i tro g e n  from th e  
Gray a p p a ra tu s  was sh u t o f f ,  th e  v a p o r is e r  d isc o n n ec ted  
and co o led  w ith  c o ld  w a te r  to  p re v e n t lo s s  by f u r th e r  
e v a p o r is a t io n , and th e  whole system  a g a in  f lu s h e d  w ith  
about 0 ,7  l i t r e s  o f  n i tro g e n  from a  c y l in d e r  in  o rd e r  to  
c a rry  over th e  l a s t  t r a c e s  o f  m ethanol and th e  p ro d u c ts  
o f  decom position  th ro u g h  th e  co n d e n se rs . D uring th e  
f lu s h in g  o p e ra tio n  th e  v a p o r is e r  was w eighed. The 
condensers  were removed from th e  f r e e z in g  m ix tu re  a f t e r  
f lu s h in g  was com plete and w eighed. The sc ru b b in g  w a te r  
was k ep t ru n n in g  w h ile  th e  co n d en sers  were warming up to  
room/
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room te m p e ra tu re . The volume o f gas c o l le c te d  and 
i t s  te m p era tu re  and p r e s s u re ,  were m easured.
P u r i f ic a t io n  o f  M ethanol.
The m ethanol was r e f lu x e d  f o r  two h o u rs  w ith  
5%/t s o l id  EQH, and th e n  f r a c t io n a te d  w ith  a  D ufton column, 
th e  f r a c t io n  d i s t i l l i n g  over a t  64 .5°C . ( a c tu a l  
therm om eter re a d in g )  b e in g  c o l le c te d .  The m ethanol was 
nex t kep t o ver 20% by w eight o f  f r e s h ly  bu rned  qu ick lim e 
fo r  24 h o u rs , and f r a c t io n a te d  a s  b e fo re .  I t  was kep t
fo r  a  f u r th e r  24 hou rs over 5^ by w eight o f  ca lc ium  
tu rn in g s , f r a c t io n a te d  a s  b e fo re ,  and a g a in  tw ice  
f r a c t io n a te d  over 5^ by w eight o f  ca lc ium  tu r n in g s ,  and 
f i n a l l y  s to r e d  in  a  w e ll-s to p p e re d  b o t t l e .  Once p e r  
month th e  m ethanol was d i s t i l l e d  o ver 5^ by w eigh t o f  
calcium  tu rn in g s  to  en su re  t h a t  i t  was alw ays p e r f e c t ly  
d ry . The p u r i f i e d  m ethanol was t e s t e d  f o r  a ldehyde and 
ketone by th e  iodoform  t e s t ,  and was found to  be f r e e  
from th e s e  compounds.
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ANALYSIS OF REACTION PRODUCTS.
Form aldehyde.
T h is  was e s tim a te d  io d o m e tr ic a l ly . Some o f 
th e  condensate  was weighed by d if f e r e n c e  in to  a  f l a s k  
c o n ta in in g  abou t 25  c c . w a te r . 10 c c . o f  s ta n d a rd  
N/10 io d in e  s o lu t io n  was added , fo llow ed  by 20 c c .  o f  
30io NaOH s o lu t io n  ( e z c e s s ) .  A f te r  s ta n d in g  f o r  te n  
m inutes th e  s o lu t io n  was a c id i f i e d  w ith  d i l u t e  HC1, and 
th e  l i b e r a t e d  ex cess  io d in e  t i t r a t e d  w ith  s ta n d a rd  N/10 
th io s u lp h a te  s o lu t io n .  The sc ru b b e r  w a te r  was an a ly sed  
f o r  form aldehyde in  th e  same manner (1 c c .  N/10 12 s o ln .  e  
.0015 gm. HCHO).
M ethyl F o rm ate .
A p o r t io n  o f  th e  co n d en sa te  was w eighed 
in to  a  f l a s k  c o n ta in in g  10 c c . o f  s ta n d a rd  N/10 NaOH 
s o lu t io n ,  a llow ed  to  s ta n d  f o r  a  few m in u te s , and th e  
ex cess  NaOH t i t r a t e d  w ith  s ta n d a rd  N/10 HC1, (1 c c . N/10 
NaOH s .006 gm. HCOOCHj.).
N o te: The e s t e r  was assumed t o  be m ethyl fo rm ate  and
n o t a h ig h e r  e s t e r ,  because  in  th e  e s t im a tio n  o f  fo rm ald e­
hyde by th e  method d e s c r ib e d  above, th e r e  was no t r a c e  o f  
iodoform  p roducing  p ro d u c ts  p r e s e n t ,  w hich would have 
been  th e  ca se  i f  th e  e s t e r  ware produced  from an  a lc o h o l 
h ig h e r /
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h ig h e r  th a n  m ethyl a lc o h o l .  F u rth erm o re , F ro l ic h ,
Q uiggle and Fenske, ( J . I . E . C . ,  1928, 6 9 4 .) had proved 
th e  e x is te n c e  o f  m ethyl fo rm ate  in  th e  p ro d u c ts  o f  th e  
decom position  o f  m ethanol w ith  c a t a l y s t s  o f  th e  Cu/Zn 
ty p e . A gain , form aldehyde i s  known to  p o ly m erise  f a i r l y  
r e a d i ly ,  and under th e  c o n d itio n s  o f  th e  ex p erim en ts  i t  
i s  p ro b ab le  t h a t  a  c e r t a in  amount o f  p o ly m e ris a tio n  does 
ta k e  p la c e , w ith  th e  fo rm a tio n  o f  m ethyl fo rm a te .
Undecomposed M ethanol.
T h is was e s tim a te d  by th e  d if f e r e n c e  betw een th e  
sum o f  th e  w eig h ts  o f  form aldehyde and m ethyl fo rm ate  in  
th e  co n d e n sa te , and th e  t o t a l  w eigh t o f  co n d e n sa te .
Gaseous P ro d u c ts .
The gaseous decom position  p ro d u c ts  were a n a ly se d  
fo r  02 , C02 , u n s a tu ra te d  compounds, CO, H2 and CH^.
F ig . io shows th e  M acfarlane Gas A n a ly s is  U n it ,  a 
m o d if ic a tio n  o f  th e  Hempel, w hich was u se d . (M acfarlane and 
C a ld w ell, J .  West o f  S co tla n d  I ro n  and S te e l  I n s t i t u t e  
No.2 , 1 , 1892).
F i g . 10 .
M a c f a r l a n e  Gas 
A n a l y s i s  U n i t .
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T his ty p e  o f  gas a n a ly s is  u n i t  was la r g e ly  developed  by 
th e  South M e tro p o lita n  Gas Company, London, and has 
s e v e ra l  advan tages o ver th e  o rd in a ry  Hempel u n i t : -
(a )  The g ases  a re  m easured and a ls o  exploded  over 
m ercury .
(b ) C onstan t te m p e ra tu re  f o r  measurement o f  volumes 
i s  a s s u re d  by th e  w ate r j a c k e t .
(c ) The a b s o rp tio n  p i p e t t e s ,  b e in g  d e ta c h a b le , can  be 
v ig o ro u s ly  shaken , e n su rin g  com plete rem oval o f  
even th e  s m a lle s t  t r a c e s  o f  th e  com ponent.
(d) A com plete a n a ly s is  can be perform ed in  20 to  25 
m in u tes .
A d isa d v an tag e  i s  t h a t  th e  volume o f gas ta k e n  
fo r  a n a ly s is  i s  50 c c s .  in s te a d  o f 100. The volume i s  
e a s i ly  re a d  to  0 .0 5  c c s . ,  how ever, and t h i s  l im i t  o f  
accu racy  i s  s u f f i c i e n t  f o r  a  u n i t  o f  t h i s  ty p e .
The u s u a l a b s o rb e n ts  a re  u se d . Chromous 
c h lo r id e ,  p re p a re d  by re d u c in g  th e  chrom ic s a l t  w ith  
z in c  amalgam was s u b s t i tu te d  f o r  p y ro g a l lo l  f o r  ab so rb in g  
oxygen, and was e n t i r e ly  s a t i s f a c t o r y .  C o n cen tra ted  
su lp h u r ic  a c id ,  a c t iv a te d  by 0 .6 $  s i l v e r  s u lp h a te ,  was 
t r i e d  a s  an ab so rb e n t f o r  u n s a tu ra te d  compounds, b u t was 
found t o  be none to o  r e l i a b l e ,  a s  a f t e r  a  few a b s o rp tio n s ,  
th e  rem oval o f  u n s a tu ra te d  compounds gave r i s e  to  an 
in c re a s e  in  volume, and t h i s  in c re a s e  co u ld  be reduced  
ag a in  by u s in g  th e  C02 a b s o rp tio n  p ip e t t e .
Oxygen was no t found , and u n s a tu ra te d  hyd ro ­
ca rb o n s /
-  66 -
hydrocarbons were found a s  t r a c e s  o n ly , in  one in s ta n c e  
w ith  a c a t a l y s t  c o n ta in in g  a h ig h  p ro p o r tio n  o f  chromium. 
A cco rd in g ly , t r a c e s  o f  u n s a tu ra te d  compounds were o m itted  
in  th e  t a b le s  o f  r e s u l t s .  The gas a n a ly s is  was c a lc u la te d  
on a n i t r o g e n - f r e e  b a s i s ,  i . e .  a s  formed by th e  decom­
p o s i t io n  o f  m ethano l. At te m p e ra tu re s  where th e r e  was 
v ery  l i t t l e  decom position , th e  p ro p o r tio n  o f  g a se s  o f  
decom position in  th e  n i tro g e n  was v e ry  low, and hence 
th e  r e s u l t s  o f  th e  a n a ly s is  may no t be a s  a c c u ra te  a s  
cou ld  be d e s ire d .
O ther compounds th a n  th o s e  a lre a d y  m entioned 
a re  p r e s e n t ,  a s  th e  odour o f  th e  g ases  c o l le c te d  was n o t 
th a t  w hich would be ex p ec ted  o f  th o s e  a l re a d y  m entioned . 
Compounds such  a s  m ethylene o x id e , d im ethy l e th e r ,  e t c .  
could  be form ed, b u t a s  m ethyl fo rm ate  was found to  be 
l e s s  th a n  1$ o f  th e  m ethanol decomposed, and i t  i s ,  a p a r t  
from form aldehyde, th e  most l i k e l y  b y e -p ro d u c t to  be 
form ed, any o th e r  compounds were assumed to  be p re s e n t 
only  in  n e g l ig ib le  am ounts, and were c o n seq u en tly  no t 
an a ly sed  o r  e s t im a te d .
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CHAPTER IX.
PRACTICAL EXPERIMENTS.
SERIES 1 .
VARIATION IN CATALYTIC ACTIVITY WITH CATALYST COMPOSITION.
C ond itions
T em perature, J>60°C.
R ate , app rox . 2 .6  ‘5m. in  4 l i t r e s  N2/ h r .
V o l u m e  o f  c a t a l y s t ,  5  c c .
D uration  o f  t e s t ,  1 h o u r.
R e s u lts ,  T able I I I
TABLE I I I  E f fe c t  o f  c a t a l y s t  com position  on th e  
_______ ______ decom position  o f  m ethanol a t  360 C.
Jomp. ,  
nol °fo 
Zn.
Decomp
io
HCHO
Gaseous Prod . ,  i  v o l . Mass 
b a l .
%
e r r o r
i
h2 CO C02 ch4
77.0 8 .0 3 .7 60 .4 12 .3 20 .6 6 .8 +1
72.8 6 5 .0 1 .9 66 .5 2 8 .5 3 .8 1 .4 -2
68 .8 80.7 1 .0 6 6 .5 28.7 3 .3 1 .8 -1
56.7 62 .0 1 .2 66 .1 26 .9 4 .8 2 .3 -1
52.1 81 .0 0 .7 66 .0 27 .6 3 .4 2 .9 -2
41 .5 2 8 .6 0 .7 69 .5 1 3 .5 14 .5 2 .4 -3
18 .8 1 5 0 0 .7 6 5 .O 9 -8 1 9 .6 5 .8 - 0 .3
The a c t i v i t y  o f  a number o f  c a t a l y s t s  o f  
v a ry in g  com position  was compared under s ta n d a rd  c o n d it io n s . 
The change in  a c t i v i t y  i s  i l l u s t r a t e d  by f i g .  11.
UJ
MOL PER CENT ZN
F i g .  1 1 .  V a r i a t i o n  i n  c a t a l y t i c  a c t i v i t y  
w i t h  c a t a l y s t  c o m p o s i t i o n .
From f i g .  11 i t  ap p ea rs  t h a t  th e  a d d i t io n  o f sm all 
q u a n t i t i e s  o f  chromium to  z in c  ox ide  r a p id ly  in c re a s e s  
th e  a c t i v i t y  ( i . e .  th e  °/o decom position  u n d er s ta n d a rd  
c o n d itio n s )  up to  a maximum o f  33 mol% chromium, and 
f u r th e r  a d d i t io n s  o f  chromium r e s u l t  in  a  g ra d u a l f a l l  in  
a c t i v i t y .  C a ta ly s ts  c o n ta in in g  a  h ig h  p ro p o r tio n  o f  
chromium/
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chromium ap p ear to  fav o u r th e  fo rm a tio n  o f  b y e -p ro d u c ts , 
a s  ev idenced  by th e  l a r g e r  amounts o f  C02 and CH4 in  
th e  gaseous p ro d u c ts .
The amount o f  form aldehyde in  th e  p ro d u c ts  i s  
i n t e r e s t i n g .  I t  would ap p ear from f i g .  12 t h a t  i t s  
p ro d u c tio n  i s  governed by th e  com position  o f th e  c a t a l y s t .  
The f ig u re  f o r  th e  form aldehyde i s  based  on th e  amount 
o f  m ethanol decomposed, and no t on th e  t o t a l  w eigh t o f  
m ethanol p a s s in g  o ver th e  c a t a l y s t ,  and th ro u g h o u t th e  
t e s t s  th e  form er method o f  c a lc u la t io n  i s  ad o p ted , a s  i t  
ta k e s  in to  accoun t th e  a c t i v i t y  o f  th e  c a t a l y s t .
12
100
MOL PER C ENT ZN
F i g . 12 .  K f f e c t  o f  c a t a l y s t  c o m p o s i t i o n  
fo rm a ld e h y d e  p r o d u c t i o n -
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SERIES 11.
EFFECT OF TEMPERATURE ON THE DECOMPOSITION OF METHANOL. 
C o n d itlo n s : -
C a ta ly s t  co m p o sitio n , 6 8 .8  mol% Zn.
C a ta ly s t  volum e, 5 c c .
R a te , app rox . 2 .6  gm. m ethanol in  4 l i t r e s  N2/ h r .  
Tem perature ra n g e , 200°C. to  400°C.
D uration  o f  t e s t ,  1 h o u r.
R e s u lts ,  T able IV.
Table iv .  E f fe c t  o f  te m p e ra tu re  on th e  decom position  
 _____________ o f  m e th an o l.__________________________________
rgmp.. Decomp. HCHO
1o
Gaseous p r o d s . ,  % v o l . Mass 
b a l .
e r r o r .a? CO co2 ch4
200 1 .5 94 - - - -1
230 1 .0 94 - - - - 0
260 1 .9 94 - - - - -1
280 2 .8 13 - - t r a c e - 2
300 2 .7 3 .2 39 .3 3 0 .9 - 9 .6 -1
300 4 .7 1 .7 50 .9 2 0 .4 20 .4 8 .4 + 0 .4
320 7 .3 1 .3 3 9 .0 13 .0 22 .0 26 .0 -1
320 12 .7  * 2 .0 39 .5 28 .5 6 .6 2 5 .4 -1
330 19 .3  * 4 .0 63 .0 2 7 .0 6 .2 3 .8 -2
340 3 5 .5  * 1 .4 64 .7 2 8 .4 3 .2 3 .8 - 0 .5
360 4 2 .4 1 .8 64 .8 28 .3 3 .8 3 .1 -2
400 97-8 0 .3 64 .0 2 9 .5 3 .2 3 .4
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The a c t i v i t y  o f  a  c a t a l y s t  was determ ined  a t  
te m p e ra tu re s  v a ry in g  from 200°G. up to  400°C. The 
sample chosen was one w hich had e x h ib ite d  th e  g r e a te s t  
a c t i v i t y  in  S e r ie s  I  t e s t s .  There ap p ears  to  be no 
a p p re c ia b le  decom position  below  300°C ., b u t a f t e r  t h i s  
p o in t  th e  r i s e  in  a c t i v i t y  w ith  te m p e ra tu re  i s  ex trem ely  
r a p id  ( f i g .  13).
3 0 0
TEMPERATURE, DEG. C.
P i g . 13.  E f f e c t  o f  t e m p e r a t u r e  on c a t a l y s t  a c t i v i t y .
In /
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In  T able IV , th e  f ig u re s  marked * were o b ta in e d  a f t e r  th e  
c a ta ly s t  had been  u sed  a t  360°C. I t  w i l l  be n o t ic e d  th a t  
th e  v a lu e s  a re  h ig h e r  th a n  would be ex p e c te d , and u s in g  
th e s e  h ig h e r  f ig u re s  to g e th e r  w ith  t h a t  o f  th e  a c t i v i t y  
a t  360°C from S e r ie s  I ,  th e  curve 'b '  i s  su g g e s ted  as 
re p re s e n tin g  th e  t r u e  te m p e ra tu re  e f f e c t  were th e r e  no 
ageing  o f  th e  c a t a l y s t .  Curve ’a '  r e p r e s e n ts  th e  e f f e c t  
o f  te m p e ra tu re  on th e  c a t a l y s t ,  b u t w ith o u t th e  o v e r­
h e a tin g . I t  would ap p ear t h a t  a f t e r  lo n g  u s e ,  s l i g h t  
o v e rh ea tin g  w i l l  r e a c t iv a t e  th e  c a t a l y s t .  F o r each  t e s t  
( in  d u p l ic a te )  th e  sample o f  th e  c a t a l y s t  had  been h e a te d  
fo r  ap p ro x im ate ly  8 h o u rs . Hence, a f t e r  t e s t s  a t  300°C. 
i t  had been  h e a te d  f o r  ap p ro x im ate ly  40 h o u rs , and a t  
360°C ., 80 h o u rs , w ith  r e s u l t in g  a c t i v i t y  42%. In 
S e r ie s  1 th e  a c t i v i t y  was 80% a f t e r  8 h o u rs  u s e .  I t  
seems, th e r e f o r e ,  t h a t  p ro lo n g ed  u se  a t  h ig h  te m p e ra tu re s  
r e s u l t s  in  a f a l l i n g  o f f  in  a c t i v i t y  o f  m ethanol c a t a l y s t s .
As f a r  a s  co u ld  be d e te rm in ed , th e  p ro d u c ts  o f  
th e  decom position  below  30 0°C . a re  form aldehyde and 
hydrogen o n ly . Due to  th e  amount o f  decom position  b e in g  
so low , th e  ex p ec ted  gaseous p ro d u c ts  o f  th e  r e a c t io n  
co u ld  no t be d e te c te d . Only form aldehyde co u ld  be found 
in  th e  l i q u i d  p ro d u c ts ; i t  was th e r e f o r e  assumed t h a t  
a t /
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a t  te m p e ra tu re s  below  300°C. "t*16 on ly  gaseous p roduct 
o b ta in ed  i s  hydrogen , and i s  th e r e f o r e  o m itted  from 
T able IV . I t  i s  su g g es ted  t h a t  th e  decom position  
a t  th e s e  te m p e ra tu re s  i s  r e p re s e n te d  by th e  e q u a tio n  
CH^OH — * HCHO + H2 , 
form aldehyde b e in g  assumed to  be th e  on ly  o th e r  p ro d u c t 
in  T able IV.
1 0 0
1 2 5
200 300
TEMPERATURE. DEG C.
400
F i g . 14.  E f f e c t  o f  t e m p e r a t u r e  on f o rm a ld e h y d e  f o r m a t i o n .
F ig  J
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F ig . 14 su g g e s ts  t h a t  on ly  form aldehyde and 
hydrogen a re  th e  p ro d u c ts  o f  th e  decom position  o f  m ethanol 
a t  te m p e ra tu re s  below 300°C. C o n sid erin g  curve 'b '  in  
f i g .  13 a s  w e ll ,  i t  ap p ea rs  t h a t  i f  th e  form aldehyde i s  
th e  in te rm e d ia te  p ro d u c t in  th e  decom position  o f  m ethanol 
to  carbon  monoxide and hydrogen , th e n  t h i s  decom position  
cannot p roceed  f u r th e r  u n t i l  th e  form aldehyde i s  
decomposed. T h is  su g g e s tio n  ap p ears  to  be su p p o rte d  by 
th e  com position  o f th e  gaseous p ro d u c ts  o f  th e  r e a c t io n .  
F ig . 15 in d ic a te s  th a t  no carbon  monoxide i s  form ed 
below 300°C, i t  b e in g  assumed t h a t  th e  on ly  o th e r  gaseous 
p roduct a t  th e s e  te m p e ra tu re s  i s  hydrogen , a s  in d ic a te d  
p re v io u s ly .
IOO
UJ
SO
CO
25
3 0 0
TEMPERATURE. DEG. C
200 350 4 0 0
F i g . 15 ,  E f f e c t  o f  r e a c t i o n  t e m p e r a t u r e  on 
d e c o m p o s i t i o n  p r o d u c t s .
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The te m p e ra tu re  range  300 -  320°C ap p ea rs  
to  be a t r a n s i t i o n  s ta g e  betw een th e  fo rm a tio n  o f  
form aldehyde a s  a  main p ro d u c t, and th e  com plete 
decom position  in to  hydrogen and carbon  monoxide.
D uring t h i s  t r a n s i t i o n  s ta g e  v ery  la rg e  
amounts o f  methane and carbon  d io x id e  a re  form ed as 
b y e -p ro d u c ts . From f i g s .  13 and 14 . ,  t h i s  s ta g e  
does n o t appear to  a f f e c t  th e  amount o f  decom position  
g r e a t ly ,  b u t on ly  th e  com position  o f  th e  gaseous 
p ro d u c ts . The fo rm a tio n  o f  methane and carbon  d io x id e  
appears t o  be c lo s e ly  r e l a t e d  ( f i g .  16 ) .
4 0
2 0
co2)
IO
350200 250 3 0 0
TEMPERATURE, DEG. C.
4 0 0
F i g . 16 .  E f f e c t  o f  t e m p e r a t u r e  on r e a c t i o n  p r o d u c t s .
T h is /
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T h is " c r i t i c a l  te m p e ra tu re "  phenomenon may a lso  
he ex p la in ed  by assum ing th a t  th e  m ethanol i s  n o t adsorbed  
on th e  c a ta ly s t  s u r fa c e  below a  c e r t a in  " c r i t i c a l  
te m p e ra tu re " , th e  low est a t  w hich a c t iv a te d  a d s o rp tio n  
oan ta k e  p la c e  on th e  p a r t i c u l a r  c a t a ly s t  em ployed. Any 
s l ig h t  decom position  ta k in g  p la c e  below t h i s  " c r i t i c a l  
tem p era tu re"  m ight be due to  o rd in a ry  a d s o rp tio n  o r 
c a p i l l a r y  a c t io n .  The fo rm a tio n  o f  la rg e  p ro p o r t io n s  o f  
b y e-p ro d u c ts  d u rin g  th e  t r a n s i t i o n  s ta g e  m ight be due to  
th e  change-over from one ty p e  o f  s u r fa c e  a c t io n  t o  th e  
o th e r ,  i . e .  a t  th e  p o in t  where o rd in a ry  a b s o rp tio n  o r  
c a p i l l a r y  a c t io n  h as  reach ed  a  maximum, im m ediately  b e fo re  
a c t iv a te d  a d s o rp tio n  h as  s e t  i n .
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SERIES I I I .
VARIATION IN CATALYTIC ACTIVITY WITH CATALYST COMPOSITION 
AND TEMPERATURE.
C onditions
T em peratures, 300* 3&0, and 400°C.
R a te , ap p ro x . 2 .6  gm. CH^OH in  4 l i t r e s  N2/ h r .
Volume o f c a t a l y s t ,  5 c c .  reduced  im m ediately  "before u s e .  
D uration  o f  t e s t ,  45 m in u te s .
R e s u lts ,  Ta"bles V to  X in c lu s iv e .
Table V . E f f e c t  o f  te m p e ra tu re , c a t a ly s t  com position* 8 .8  mo]1% Zn.
Temp.
°C.
Decom.
%
HCHO
*
M eth.
frm te
%
Gaseous p ro d s . ,  i  v o l . Mass 
b a l .
*2 CO c o 2 1 c h J
%
e r r o r
ooK\ 4 .5 0 .6 N il 47 .4 6 .0 34 .6 1 2 .0 + 0 .6
300 3 .3 1 .4 n 31 .4 2 1 .0 31 .4 1 6 .3 ♦ 0 .3
360 1 1 .0 0 .8 n 66.7 1 3 .8 19 .5 N il -2
360 17.7 1 .5 0 .2 72 .2 9 .0 16.3 2 . 2 -3
360 2 2 . 8 0 .5 N il 67.4 1 0 .6 19.7 2 .3 - 2
400 93.3 0 .5 - b 6 .0 20 .9 1 0 .6 2 .5 - 2
400 95-7 0 .5 - p 6 .0 21 .5 10 .7 1 .8 - 2  j
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T able V I. E f fe c t  o f  te m p e ra tu re , c a t a ly s t  com position
41 .5  mol% Zn.
Temp. 
°C.
Dcomp.
1o
HGHO
1o
Meth.
frm te
Gaseous p ro d s . ,  % v o l . Mass
b a l .
1°
H2 CO C02 ch4
i
e r ro r .
300 4 .3 3 .8 N il 6 3 .2 12 .5 I 8 .9 5 .6 -1
360 3 6 .4 0 .6 n 70.7 1 3 .4 15 .9 N il | - 1
360 3 0 .8 1 .1 - 6 6 .6 17 .1 1 3 .6 2 .7  ! - 1
360 3 2 .8 1 . 6 0 .3 6 6 .5 20.7 10.3 2 .5 -2
400 99.8 t r e e . - 6 6 .5 2 9 .6 3 .4 1 .5 -2
400 99.7 it - 6 6 .9 2 9 .6 3 .0 0 .5 -2
Table V II . E f f e c t  o f  te m p e ra tu re , c a t a l y s t  com position  
5 6 .7  molfc Zn.
Temp. 
°C. ,
Dcomp.
fo
HCHO
i  ,
Meth 
f r m te 1
io
Gaseous p r o d s . ,  % v o l . Mass 
b a l .
%
e r r o r% CO co2 ch4
300 4.0 0 . 8 N il. 62.4 10.4 2 7 . 2 N il . -0 .7
300 4.5 0 . 9 n 61.3 1 3 . 0 25.5 n -0 .6
360 26.1 2 . 0 0.3 66.1 23.5 9.0 1 .4 -1
360 31.5 1 . 8 0.6 6 5 .O 28.5 6.0 0.6 + 1
400 90.4 1 . 0 - 68.6 2 6 . 1 4.6 0.5 -2
400 95.2 0 . 7 - 67.2 2 7 . 8 4.3 0.7 -2
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T able V II I .  E f f e c t  o f  te m p e ra tu re , c a t a l y s t  com position
68 .8  molfo Zn.
Temp.
°C.
Dcomp.
%
HCHO. 
%
M eth. 
frm te  J
%
Gaseous p r o d s . ,  % v o l . Mass
b a l .
H2 CO co2 ch4 1*e r r o r .
300 4 .7 3 .5 N il . 3 2 .0 1 1 .0 57.0 N il . - 0 .8
300 4 .7 0 .6 11 3 6 .0 1 2 .0 3 2 .0 w - 1
360 28.7 1 .2 0 .1 6 1 .8 23 .1 9 .4 5 .8 -0 .7
360 47 .5 1 .8 0 .4 6 6 .6 2 7 .5 4 .6 1 .5 -2
360 51.3 1 .6 0 .5 6 7 .2 2 7 .9 4 .6 0 .5 -0 .7
1
400 97.8 1 .0 - 6 6 .5 2 9 .0 4 .1 0 .5 + 0 .2
400 99.0 0 .3 - 66 .0 2 9 .4 3-8 1 .0 -1
T able IX. E f fe c t  o f  te m p e ra tu re , c a t a l y s t  com position  
7 2 .9  mol°/o Zn.
Temp.
°C.
Dcomp.
%
HCHO.
fo
M eth.
frm te
fo
Gaseous p r o d s . ,  i  v o l . Mass
b a l .
%
e r r o r .
H2 c6 r°2 ch4
300 6 .5 3 .2 N il . 59.2 1 1 .2 2 9 .6 N il. -1
00K\ 7 .5 4 .1 n 51.2 1 6 .7 3 2 .1 n -2
360 27.5 1 .2 0 .4 Not t ,nalys ;d .
360 43.6 1 .5 0 .5 63 .4 26 .9 7 .0 2 .7 + 1
360 5 2 .2 1 .5 0 .4 66 .01 29.1 3-2 1 .7 1
400 97.6 0 .7 - 6 3 .2 2 9 .6 3 .9 1 .5 +  1
400 95.7 0 .8 t r e e . 6 8 .7 2 7 .2 3 .1 1 .1 - 0 .3
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T able X. E f fe c t  o f  te m p e ra tu re , c a t a l y s t  com position
7 7 .0  mol°/o Zn.
Temp. 
°C.
Dcomp.
%
HCHO.
1o
M eth.
frm te
Io
Gaseous p r o d s . ,  % v o l . Mass
b a l .
e r^ o r .a . CO co2 ch4
300 3 .6 c35 .0 - - - t r e e . - - 2
300 3 .5 1 . 0 0 .5 - - n - - 2
360 1 6 . 6 2 . 2 0 .4 6 1 . 6 1 7 .4 15 .4 5-9 - 1
360 25.7 2 .3 0 .5 not anal psed
360 3 2 . 8 2 .3 0 .4 6 3 . 4 2 7 . 0 6 .7 3 .0 - 0 . 8
400 83-3 1 .9 0 .3 6 6 .2 27 .9 4 .5 1 .4 -3
400 86.7 1 .4 0 .5 6 6 .3 28 .6 4 .5 0 .7 - 2
T h is  s e r i e s  o f  t e s t s  i s  a  com bination  o f  S e r ie s  
I and I I  . I t  w i l l  be n o t ic e d  th a t  a l l  th e  t e s t s  a t  360°C. 
show an in o re a se  in  a c t i v i t y  w ith  u s e ,  ex cep t in  T ab le  VI 
T h is m ight a t  f i r s t  s ig h t  be e x p la in e d  by incom ple te  
re d u c tio n  o f  th e  c a t a l y s t ,  b u t when i t  i s  c o n s id e re d  t h a t  
th e  c a ta ly s t  had been  u sed  f o r  two d eco m p o sitio n s a t  300oC ., 
w hich i s  c o n s id e ra b ly  above th e  te m p e ra tu re  a t  w hich 
r e d u c t io n  s t a r t s ,  and a ls o  when th e  c o n d it io n s  o f  r e d u c t io n  
a r e  ta k e n  in to  ac c o u n t, i t  can be assumed th a t  t h i s  r i s e  
in  a c t i v i t y  i s  n o t due t o  incom ple te  r e d u c t io n  o f  th e  
c a t a l y s t  b e fo re  u s e .  T h is  phenomenon o f  v a r ia b le  a c t i v i t y  
i s  more f u l l y  in v e s t ig a te d  in  S e r ie s  V l t e s t s .  (P*101 )
(See a ls o  "D isc u ss io n " . )
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The e f f e c t  o f  te m p e ra tu re  on th e  decom position
i s  b e s t  i l l u s t r a t e d  by f i g .  17.
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F i g . 17 .  V a r i a t i o n  i n  c a t a l y t i c  a c t i v i t y  w i t h  t e m p e r a t u r e  
and c a t a l y s t  c o m p o s i t i o n .
T his in d ic a te s  t h a t  a t  300°C. and 400°C. th e  e f f e c t  o f  
th e  com position  o f  th e  c a ta ly s t  i s  no t m a n ife s te d  to  any 
g re a t  e x te n t ,  excep t in  th e  case  o f  th o se  c a t a l y s t s  
c o n ta in in g  more th a n  abou t 72 m olfi Zn. I t  ap p ea rs  t h a t  
th e  s p e c i f i c  c a t a l y t i c  e f f e c t  in c re a s e s  to  a  maximum 
between th e s e  two te m p e ra tu re s  and f a l l s  to  a  minimum 
a g a in /
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ag a in  a s  te m p e ra tu re  in c re a s e s .
I t  w i l l  "be n o tic e d  th a t  th e  a c t i v i t y  o f  th e  
c a t a ly s t  sam ples u sed  in  S e r ie s  1 a r e  c o n s id e ra b ly  h ig h e r  
th a n  th o se  o f  t h i s  s e r i e s  o f  t e s t s  a t  360°C. The t e s t s  
o f  t h i s  s e r i e s  were c a r r ie d  ou t ap p ro x im ate ly  9 months 
a f t e r  th o se  o f  S e r ie s  1 , and t h i s  lo n g  p e r io d  o f  s to ra g e , 
even in  th e  unreduced  c o n d i t io n , may accoun t f o r  th e  lo s s  
in  a c t i v i t y .
The fo rm a tio n  o f  form aldehyde i s  in f lu e n c e d  by 
tem p era tu re  a s  shown in  f i g .  18 .
,'SERIES X, 
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P i g . 18.  E f f e c t  o f  t e m p e r a t u r e  and c a t a l y s t  c o m p o s i t i o n  
on fo rm aldehyde  p r o d u c t i o n .
The/
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The r e s u l t s  a re  s im i la r  to  th o se  o b ta in e d  in  S e r ie s  1 
a t  360°C. I t  w i l l  be seen  t h a t  low te m p e ra tu re s  promote 
th e  fo rm atio n  o f  form aldehyde and t h a t  w ith  in c re a s e d  
tem p era tu re  th e  p ro p o r tio n  in  th e  p ro d u c ts  o f  decom­
p o s i t io n  d e c re a se s . As in  S e r ie s  1 , th e  com position  o f  
th e  c a ta ly s t  on ly  makes i t s e l f  above abou t 72 molfo Z n ., 
even a t  400°G.
At 300°C. th e r e  i s  a  la rg e  p ro p o r tio n  o f C02 
in  th e  gaseous p ro d u c ts , su g g e s tin g  t h a t  r e d u c t io n  o f 
th e  c a ta ly s t  i s  no t com plete . T h is , how ever, i s  no t 
assumed to  be th e  c a s e , b e a r in g  in  mind th e  c o n d itio n s  
o f  re d u c tio n  (se e  a ls o  p . 48. )
The in f lu e n c e  o f  th e  com position  o f th e  c a t a l y s t  on th e  
fo rm ation  o f  C02 a t  th e  v a r io u s  te m p e ra tu re s  i s  in d ic a te d  
by f i g .  19.
IO O
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F i g . 1 9 .  E f f e c t  o f  t e m p e r a t u r e  and  c a t a l y s t  c o m p o s i t i o n  
on c a rb o n  d i o x i d e  f o r m a t i o n .
8 4
I t  ap p ears  t h a t  th e  com position  o f  th e  c a t a l y s t  a f f e c t s  
th e  p ro d u c tio n  o f  C02 . There ap p e a rs  to  be a  minimum 
amount formed by th e  more a c t iv e  c a t a l y s t s ,  and t h a t  as 
th e  tem p era tu re  i s  in c re a s e d , th e  p ro p o r tio n  in  th e  
gaseous decom position  p ro d u c ts  i s  d e c re a se d .
The amount o f  C02 form ed i s  f a r  in  ex cess  o f  
th e  amount o f  CH4 , p a r t i c u l a r l y  a t  low te m p e ra tu re s . The 
e f f e c t  o f  te m p e ra tu re  and c a t a l y s t  com position  on th e  
fo rm ation  o f  methane i s  i l l u s t r a t e d  by f i g . 20 .
4 0
3 0
IOO
MOL PER C ENT ZN.
F i g . 2 0 .  E f f e c t  o f  t e m p e r a t u r e  and c a t a l y s t  
c o m p o s i t i o n  on methane  f o r m a t i o n .
I t  i s  a p p a re n t, a s  in  th e  ca se  o f  th e  C02 fo rm a tio n , 
th a t  th e  more a c t iv e  c a t a l y s t s  te n d  to  produce l e s s  
m ethane/
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methane th a n  do th e  l e s s  a c t iv e ,  and t h a t  th o s e  r i c h  
in  chromium prom ote i t s  fo rm a tio n . I t  can he seen  t h a t  
h ig h  te m p e ra tu re s  te n d  to  i n h i b i t  th e  fo rm a tio n  o f  
m ethane.
From f i g s .  19 and 20 i t  i s  e v id e n t t h a t  
th e  fo rm a tio n  o f  s id e - r e a c t io n s  i s  prom oted by  low 
te m p e ra tu re s  and h ig h  Zinc c o n te n t o f  th e  c a t a l y s t ,  
and t h a t  th e s e  s id e - r e a c t io n s  a r e  in h ib i te d  by in c re a s e d  
te m p e ra tu re s . T h is  i s  th e  r e v e r s e  o f  th e  f in d in g s  o f  
Lewis and F ro l ic h  ( J . I .E .C . ,  1928, 2 8 5 .)  th e  s y n th e s is  
o f  m ethano l. They s t a t e  t h a t  th e  amount o f  CO co n v e rted  
to  s id e  r e a c t io n s  in c re a s e s  from about 2 fc  a t  300°C to  
about 6% a t  400°C.
SERIES IV.
EFFECT OF RATE OF FLOW OF METHANOL ON THE CONVERSION.
The r a t e  o f  flow  o f  th e  m ethanol o ver th e
su r fa c e  o f  th e  c a t a l y s t  was v a r ie d  in  two w ays:-
( a ) . By in c re a s in g  th e  speed o f  th e  v o l a t i l i s i n g  
n itro g e n  th ro u g h  th e  m ethano l, w hich was kep t 
a t  c o n s ta n t te m p e ra tu re .
(b ) By in c re a s in g  th e  te m p e ra tu re  o f  th e  m ethano l, 
th e  v e lo c i ty  o f  th e  v a p o r is in g  n i tro g e n  b e in g  
c o n s ta n t .
In  (a )  th e  c o n c e n tra t io n  o f  th e  m ethanol vapour in  th e
gas stream  i s  c o n s ta n t ,  w h ile  in  (b ) i t  i s  v a ry in g .
(a ) C o n d itio n s
C a ta ly s t  co m p o sitio n , 7 2 .8  mol% Zn.
C a ta ly s t  volum e, 5 c c .,  p re v io u s ly  red u ced .
T em perature, 360°C.
M ethanol te m p e ra tu re , 43°C .
N2 r a t e  v a ry in g .
D u ra tio n  o f  t e s t ,  1 h o u r.
R e s u l ts ,  T able XI.
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Table X I. V a ria b le  r a t e ,  No v a ry in g . C a ta ly s t
com position  7 2 .8  molfo Zn. (P re v io u s ly  re d u c e d ).
CHj°H
gm/hr
Dcomp
g m / h r .
Dcomp.
1»
HCHO.
1o
Gaseous p r o d s . ,  °/e  v o l . Spce. 
v e l . ,  
c c /c c  
/m t .
Mass
b a l .
%
e r ro i*2
CO CM
OO ch4
0 .6 3 0 . 5 1 81.1 0 . 8 6 5 . I 2 5 .2 5 .9 3 .9 6 . 0 - 1
1 .28 0 . 5 8 45.0 1 .4 59-8 29 .3 5 .9 5-0 10 .7 - 1
1 .8 8 0 . 7 0 37.2 2 .5 6 2 .2 25 .7 5-7 6 . 6 14 .8 - 1
2.42 0 .79 32 .4 2 .7 64.3 2 5 .2 5.3 5-3 1 8 . 5 -2
3.03 0 .98 32.3 3-0 63 .5 25 .6 4 .0 6 .9 23 .1 - 2
3-44 1 .2 6 36.7 3 .1 64 .0 2 5 . 8 4 .9 5-3
--------------
24 .8
----------
-3
T h is method o f  in c re a s in g  th e  flow  o f  m ethanol 
over th e  c a ta ly s t  s u r fa c e  i s ,  t o  a  c e r t a in  e x te n t ,  l im i te d  
in  a p p l ic a t io n ,  in  t h a t  th e  h ig h  speed o f  th e  g ases  th ro u g h  
th e  condensers r e s u l t s  in  incom ple te  c o n d e n sa tio n , and 
hence in c re a s e d  mass b a lan ce  e r r o r .  Even w ith  a t h i r d  
condenser in  s e r i e s ,  co n d en sa tio n  i s  n o t g r e a t ly  im proved.
(b) C o n d itio n s
C a ta ly s t  co m p o sitio n , 7 2 .8  m olfi Zn.
C a ta ly s t  volum e, 5 c c . ,  reduced  im m ediately  b e fo re  vise. 
T em perature, 360°C.
M ethanol te m p e ra tu re  v a ry in g .
N2 r a t e ,  3 l i t r e s / h r .
D ura tion  o f  t e s t ,  1 h o u r.
R e s u l ts ,  T able X II .
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Table X II . V a ria b le  r a t e ,  m ethanol te m p e ra tu re  v a ry in g .
C a ta ly s t  com position  7 2 .8  m o lfo  Zn. ( f r e s h ly  
red u ced .) .
CHtOH
i L
gm/hr
Dcomp
gm/hr
B1(=i HCHO.
%
Gaseous p r o d s . ,  $  v o l . S p ce . 
v e l . , 
c c /c c  
/m t .
Mass
b a l
error%
CO co2 ch4
2 .30
3-57
5.84
7 .08
1 .25
1 .67
1 .76
1.73
54.0
47 .0
3 0 . 0  
24 .5
1 .5
1 . 8
2 .4
2 .4
6 5 . 6
65.5
6 5 . 8
2 7 . 8  
2 9 . 8  
n o t ai 
28 .2
5 .0
3 .3
alysec
3-9
1 .8
1 .4
2 .2
15 .4  
1 8 .0  
23 .7
2 6 .5
-0 .3
-1
-0 .2
I t  w i l l  be n o tic e d  t h a t  in  t h i s  case  th e  mass 
b a lan ce  e r r o r  i s  no t so g r e a t  a s  in  T able XI. F u rth e rm o re , 
th e  f r e s h ly  reduced  sam ple o f  c a t a l y s t  i s  more a c t iv e  th a n  
th e  p re v io u s ly  reduced  sam ple u n d er s im i la r  c o n d i tio n s  o f  
e n try  o f  th e  m ethano l. T h is  i s  i l l u s t r a t e d  in  f i g .  21.
20
SPACE VELOCITY. C O C C /M IN .
3 0 4 0
F i g . 2 1 .  V a r i a t i o n  i n  d e c o m p o s i t i o n  r a t e  
w i th  space  v e l o c i t y .
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I t  must be remembered, how ever, t h a t  th e  c o n d itio n s  
p r e v a i l in g  i n  th e s e  two t e s t s  a re  d i f f e r e n t .  In  (a ) 
th e  com position  o f  th e  gas s tream  o ver th e  c a t a l y s t  i s
c o n s ta n t ,  w h ile  in  (b ) th e  c o n c e n tra t io n  o f  m ethanol in
th e  s tream  i s  in c re a s in g  w ith  th e  gas v e lo c i ty .  Curve
(b) in d ic a te s  t h a t  th e  amount o f  m ethanol decomposed 
in c re a s e s  w ith  th e  v e lo c i ty  o ver th e  s u r fa c e  o f  th e  
c a t a ly s t  up to  a  p o in t ,  b u t t h a t  f u r th e r  in c re a s e  in  
gas v e lo c i ty  does n o t r e s u l t  in  in c re a s e d  decom position  
r a t e ,  p o in t in g  to  a change in  th e  mechanism o f th e  
decom position .
When a  gas i s  p a s s in g  o ver a c a t a l y t i c a l l y  
a c t iv e  su r fa c e  th e r e  i s  a f i lm  o f  th e  gas ad h e rin g  to  th e  
s u r fa c e  o f  th e  c a t a l y s t .  The th ic k n e s s  o f  t h i s  f ilm  
d eterm ines th e  r a t e  o f  t r a n s f e r  o f  th e  r e a c ta n t s  from 
th e  body o f  th e  gas to  th e  a c t iv e  s u r fa c e ,  and a lso  th e
t r a n s f e r  o f  th e  r e a c t io n  p ro d u c ts  from th e  c a t a l y s t
s u r fa c e . As th e  v e lo c i ty  o f  th e  gas i s  in c re a s e d , th e  
th ic k n e s s  o f  th e  f i lm  i s  d im in ish ed , r e s u l t in g  in  a 
h ig h e r  r a t e  o f  t r a n s f e r  and hence in c re a s e d  r a t e  o f  
r e a c t io n .  W ith in c re a s e d  gas v e lo c i ty  (and  hence 
d im in ish ed  f i lm  th ic k n e s s ) ,  th e  r e a c t io n  p ro d u c ts  a re  
a ls o  swept more q u ic k ly  from th e  s u r fa c e  o f  th e  c a t a l y s t .
When th e  gas v e lo c i ty  i s  in c re a s e d  to  such  an
e x te n t /
-  90 -
e x te n t t h a t  th e  f i lm  th ic k n e s s  becomes so sm a ll (app roach ing  
a  monomolecular l a y e r ) ,  as  to  have no r e ta r d in g  e f f e c t ,  
th e n  i t  i s  th e  a c t i v i t y  o f  th e  c a t a l y s t  w hich governs th e  
r a t e  o f  r e a c t io n .  B efore t h i s  th e  g overn ing  f a c to r  i s  
th e  f ilm  th ic k n e s s ,  and co n seq u en tly  th e  gas v e lo c i ty .  
(L a u p ic h le r , J . I . E . C . ,  1938, 5 7 8 .) .
The r e s u l t s  o b ta in e d  a re  in  agreem ent w ith  t h i s  
th e o ry .  Curve (a )  o f  f i g .  21 in d ic a te s  t h a t  a s  th e  gas 
v e lo c i ty  in c re a s e s ,  th e  r a t e  o f  r e a c t io n  in c r e a s e s ,  w h ile  
curve (b ) in d ic a te s  t h a t  th e  s ta g e  h as  been reach ed  where 
th e  mechanism changes from one governed  by f i lm  th ic k n e s s  
to  one governed by c a ta ly s t  a c t i v i t y .  But a s  in  (a ) 
th e  r a t i o  o f  r e a c ta n t  to  i n e r t  gas i s  c o n s ta n t ,  and in
(b) i t  i s  in c re a s in g  w ith  gas v e lo c i ty ,  i t  ap p e a rs  t h a t  
th e  c o n c e n tra t io n  o f  th e  r e a c ta n t  in  th e  i n e r t  " c a r r i e r "  
a ls o  in f lu e n c e s  th e  r e a c t io n  r a t e .  In  f i g .  21 curve 
(a )  in d ic a te s  t h a t  w ith  a  space v e lo c i ty  o f  abou t 23 -  24 
c c /c c /m in . th e  r e a c t io n  r a t e  i s  te n d in g  to  in c re a s e ,  
w h ils t  curve (b ) in d ic a te s  t h a t  a t  t h i s  space v e lo c i ty  th e  
r e a c t io n  r a t e  i s  n o t in c r e a s in g .  In  th a  l a t t e r  ca se , how ever, 
th e  amount o f  m ethanol e n te r in g  i s  ap p ro x im ate ly  tw ic e  
t h a t  e n te r in g  in  th e  fo rm er.
T h is su g g e s ts  t h a t  when one o f  th e  c o n s t i tu e n ts  
o f  a  m ix tu re  o f  g ases  p a s s in g  o ver an  a c t iv e  s u r fa c e  i s  
i n e r t , /
-  91 -
i n e r t ,  th e  c o n c e n tra t io n  o f  r e a c ta n t s  in  th e  m ix tu re  
d e term in es th e  f i lm  th ic k n e s s .  In  o th e r  w ords, th e  
sm a lle r  th e  c o n c e n tra t io n  o f  r e a c ta n t s ,  th e  g r e a t e r  th e
gas v e lo c i ty  r e q u ir e d  to  overcome th e  f ilm  th ic k n e s s .
F ig . 22 in d ic a te s  t h a t  th e  gas v e lo c i ty  a ls o  
a f f e c t s  th e  p ro d u c tio n  o f  fo rm aldehyde.
10 2 0 30 4 0O
SPACE VELOCITY CC./CC./MIN.
F i g . 22 .  E f f e c t  o f  space  v e l o c i t y  on ,
f o rm a ldehyde  p r o d u c t i o n .
I t  w i l l  be n o tic e d  t h a t  th e  more a c t iv e  o f  th e  two 
sam ples o f  c a ta ly s t  y ie ld s  l e s s  form aldehyde th a n  th e  
o th e r .  T h is may be due to  th e  d i f f e r e n c e  in  a c t i v i t y ,  
b u t a s  can be seen  from T able x il  th e  amount o f  
fo rm aldehyde/
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form aldehyde in  th e  p ro d u c ts  o f  decom position  i s  c o n s ta n t 
(w ith in  th e  l i m i t s  o f  ex p e rim en ta l e r r o r )  f o r  a  v a r ia t io n  
in  a c t i v i t y  o f  over 100%. I t  i s  more l i k e l y ,  how ever, 
t h a t  t h i s  d if f e r e n c e  in  th e  amount o f  form aldehyde 
produced i s  due to  th e  d i f f e r e n t  c o n c e n tra t io n s  o f  
m ethanol in  th e  gas s tre a m . The d if f e r e n c e  in  th e  shape 
o f  th e  two cu rv es  su p p o rts  t h i s  v iew . Curve (h ) in d ic a te s  
t h a t  as th e  space v e lo c i ty  in o re a s e s  ( in  t h i s  ca se  due 
to  in c re a s in g  c o n c e n tra t io n  o f  m e th an o l), th e  amount o f  
form aldehyde in  th e  decom position  p ro d u c ts  in c re a s e s  to  
a l im i t in g  v a lu e .  I f  form aldehyde were an in te rm e d ia te  
p ro d u c t o f  th e  m ethanol decom position , i t  would he 
ex p ec ted  t h a t  a s  th e  speed  o f  th e  r e a c t in g  gas in c re a s e d , 
th e  p ro d u c ts  would be swept away more q u ic k ly  and hence 
would c o n ta in  more o f  th e  in te rm e d ia te  p ro d u c t, i . e .  
th e  amount o f  form aldehyde in  th e  decom position  p ro d u c ts  
would in c re a s e  w ith  gas v e lo c i ty .
But i t  w i l l  be n o t ic e d  t h a t  curve (a )  i s  te n d in g  
t o  f l a t t e n  ou t and approach  th e  shape o f  cu rve  ( b ) ,  
in d ic a t in g  t h a t  th e  e f f e c t  o f  th e  speed o f  th e  gas o ver 
th e  c a ta ly s t  s u r fa c e  on th e  p ro d u c tio n  o f form aldehyde i s  
d im in ish in g , so t h a t  w ith  a  s u f f i c i e n t l y  g re a t  space 
v e lo c i ty ,  cu rve (a )  w i l l  become s im i la r  in  form t o  curve 
0>) .
That form aldehyde i s  n o t an in te rm e d ia te  p ro d u c t
o f /
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o f  th e  decom position  o f  m ethanol to  carbon  monoxide and 
hydrogen i s  f u r th e r  i l l u s t r a t e d  "by f i g .  23 which 
in d ic a te s  t h a t  a s  th e  r a t e  o f  m ethanol decom position  
in c re a s e s ,  th e  amount o f  form aldehyde in  th e  decom position  
p ro d u c ts  re a c h e s  a l im i t in g  f ig u r e ,  i t  "being remembered 
th a t  th e  r a t e  o f  decom position  i s  v a r ie d  by in c re a s e  in  
gas v e lo c i ty .  I f  an in te rm e d ia te  p ro d u c t, i t  would be 
ex p ec ted  t h a t  form aldehyde would co n tin u e  to  in c re a s e  
w ith  th e  r a t e  o f  decom position  o f  th e  m ethano l.
Q2
0 .5 2 .0
C H gpH  DECOMPOSED. GM./HR
F i g . 23 .  V a r i a t i o n  i n  f o rm a ld e h y d e  f o r m a t i o n  
w i t h  r a t e  o f  m e th a n o l  d e c o m p o s i t i o n .
I t /
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I t  w i l l  be n o t ic e d  from T ab les  XI and XII t h a t  th e  
amount o f  carbon  d io x id e  in  th e  gaseous p ro d u c ts  
d ec re a se s  w ith  gas v e lo c i ty ,  w h ile  th e  methane in c re a s e s ,  
in d ic a t in g  t h a t  th e y  a re  n o t form ed by th e  same r e a c t io n .
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SERIES V.
EFFECT OF VARIED RATE OF FLOW AND CONCENTRATION OF 
METHANOL IN THE GAS STREAM ON THE DECOMPOSITION.
The c o n c e n tra t io n  o f th e  m ethanol in  th e  
e n te r in g  gas s tream  was v a r ie d  by a l t e r i n g  th e  te m p e ra tu re  
o f  th e  m ethano l.
C o n d itio n s
C a ta ly s t co m p o sitio n , 6 8 .8  mol# Zn.
C a ta ly s t  volume, 5 cca. ( f r e s h ly  reduced )
N2 r a t e  v a ry in g .
M ethanol c o n c e n tr a t io n s ,  32#, 4 8 # ,  57#, 75#, b y  volume 
in  N2 .
D u ra tio n  o f  t e s t ,  1 h o u r.
R e s u l ts ,  T ab les  X III  t o  XVI in c lu s iv e .
T a b l e .  X I I I 3 2 #  M ethano l  by  volume.
CH^OH
e n t e r
gm/hr,
Dcomp
gm/hr
Dcomp
#
HCHO.
#
Meth.
form
#
Gas. p rod s . f # v o l . I s p . v l .
c c / c c
jM .
Mass 
b a l . #  
e r r o r .“ z CO U02
0 . 8 6 0 . 7 8 91 .4 0 . 8 n i l . 6 6 . 3 2 9 .7 3 .0 1 . 0 7 . 2 - 1
1 .3 9 1 .06 7 6 . 3 1 . 2 tt 6 6 .7 2 7 .8 4 . 8 0 . 8 1 1 . 2 - 1
2 .5 9 1 .7 2 6 7 . 2 2 .1 0 . 3 6 5 .4 28 .4 3 .4 2 . 9 19 .5 - 2
3 .30 1 .87 5 7 .4 2 . 5 0 . 4 6 7 . 3 2 7 .7 4 . 2 0 . 8 2 4 .0 - 2
4 .3 1 2 .10 4 9 . 5 2 .7 1 . 2 6 6 .4 2 8 . 3 3 . 8 1 .6 30 .0 - 3
5 .5 8 2 .4 2 4 8 . 6 3 .0 1 . 3 6 7 .7 2 8 .4 3 . 3 0 . 8 3 8 . 2 -4
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Tab le  X I V .  4 8$  M ethano l  by volume.
CH OH Dcomp
gm/hr
HCHO
$
Meth Gas . p r o d s . , $ v o l . S p . v l .  
c c / c c  
/ m i n .
Mass 
b a l  . $  
e r r o r .
e n t e r
gm/hr
i  rm i e
H2 CO C°2 ch4
1 .3 7 1 .06 1 .05 0 . 0 8 6 6 .5 28 .6 3 . 7 1 .1 8 . 3 n i l .
2 .78 1 .7 8 1 .36 n i l 6 7 . 3 2 8 .9 3 . 3 0 . 6 1 4 . 5 -1
5 .60 2 .3 0 2 .5 0 2 .30 6 7 .5 2 8 . 3 3 . 6 0 . 6 2 6 .4 - 2
7 .01 2 .3 3 2 .90 1 .8 0 6 5 .2 2 7 .7 6 . 0 1 .0 33 .4 -1
8 .5 2 2 .80 2.91 1 .8 0 6 7 .5 2 6 .8 4 . 9 0 .6 4 0 . 0 -4
11 .24 3 .30 3 .2 2 3 .10 69 .4 26. .4 4 . 2 n i l 5 1 . 5 -4
T a b le X V .  57$ M ethano l  by volume.
CH„0H Dcomp
gm/hr
HCHO.
*
Meth
■PvTnt A
Gas . p r o d s . , $  v o l . S p . v l
c c / c c
/ m i n .
Mass
Wilt CX
g m /h r .
X X UlbO
% H2 CO C°2 CH4
U cti. • fO
e r r o r .
2 .4 8 1.64 1 .10 0 . 2 0 6 7 . 2 2 8 .5 3 .90 0 . 5 1 0 . 8 - i
4 . 5 6 2 .26 2 .10 1 .20 6 7 .0 2 9 .0 3 .6 0 . 6 1 8 .7 - 2
8 .1 3 3.01 2 .70 3 .0 6 8 .0 28 .1 3 . 3 0 . 7 3 2 .5 -1
1 0 .5 9 3 .30 3 . 2 5 .4 6 9 .0 2 7 .0 3.1 0 . 9 4 8 . 2 n i l .
16 .31 3.31 3 . 2 4 . 8 69 .0 2 4 .6 5 . 9 0 . 8 6 3 . 8 - 3
T a b le  X V I .  75$  M ethanol  by vo lume.
CH OH 
e n t e r  
g m /h r .
Dcomp
gm /hr
HCHO.
%
Meth
f r m t e
%
Gas. p rods . ,  $ v o l . S p . v l .
c c / c c
/ m i n .
Mass.  
b a l  . $  
e r r o rfl2 CO co2 CH4
6.01 2.34 2.40 1.50 67.0 27.8 4.4 0.9 19.7 -1
9.91 2.93 3.10 4.0 68.3 28.7 4 .5 0 . 6 31.2 -2
13.4 3.10 3.JU 4 . 5 69.0 25.0 4.7 1.2 | 42.0 -2
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Fig. 24 below i l l u s t r a t e s  the  e f f e c t  o f 
t h i s  combined change o f c o n d i t io n s .
uj
A. 7 S ° h  CH^OH BY VOL
O . 20 4 0  6 0
SPACE VELOCITY CC/CC/MIN
8 0
F i g .  2 4 .  E f f e c t  o f  v a r y i n g  s p a c e  v e l o c i t y  
and  m e th a n o l  c o n c e n t r a t i o n  on t h e  
r e a c t i o n .
I t  w i l l  be n o tic e d  th a t  as  in  S e r ie s  IV .  t e s t s ,  th e re
i s  a  tendency  f o r  th e  r a t e  o f  r e a c t io n  to  re a c h  a
maximum, which rem ains u n a l te r e d  w ith  f u r th e r  in c re a se
in  gas r a t e .  I t  i s  to  be n o te d , how ever, t h a t  the
whole s e r i e s  o f  t e s t s  was c a r r ie d  ou t w ith  th e  same 
sam ple/
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sample o f  c a t a l y s t ,  and  a s  w i l l  be seen  from f i g .  24 
th e  a g e in g  becomes more a p p a re n t a s  th e  tim e o f use 
in c re a s e s .  I t  can be seen  t h a t  th e  maximum r a t e  
o f r e a c t io n  i s  g o re ru ed  by th e  w eig h t o f  m ethanol 
p a s s in g  o ver th e  c a t a ly s t  su r fa c e  in  a  c e r t a in  tim e , 
and n o t th e  space v e lo c i ty ,  e .g .  from f i g .  24 ,
w ith  a space v e lo c i ty  o f  4 °  c c /c c /m in . ,  th e  r a t e  
o f  decom position  i s  3-46  gm s/h r. w ith  }2f° m ethanol 
by volume; 3 -to gm s/h r. w ith  by volume; 3-3£> g m s/h r. 
w ith  57^ by volume; and  i 'U  gm s/h r. w ith  75^ 
m ethanol by volume in  th e  v a p o r is in g  n i t r o g e n .
Thus w ith  a  h ig h  c o n c e n tra t io n  o f  m ethanol in  
th e  gas s tream , a  low er space v e lo c i ty  i s  r e q u ir e d  f o r  
th e  maximum decom position  r a t e  th a n  f o r  a  low concen­
t r a t i o n ,  where a  h ig h  space v e lo c i ty  i s  r e q u i r e d ,  in  
o rd e r  t h a t  th e  maximum m a ss-ra te  may be re a c h e d . That 
i s ,  th e  minimum space v e lo c i ty  r e q u ir e d  f o r  maximum 
decom position  r a t e  i s  in v e r s e ly  p ro p o r t io n a l  to  the  
c once n t r a t  io n /
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c o n c e n tra tio n  o f m ethanol in  th e  gas s tream .
I t  w i l l  he n o tic e d  from f i g .  25 t h a t  th e  
p ro p o rtio n  o f m ethanol decomposed to  form aldehyde 
in c re a s e s  w ith  r a t e  o f  m ethanol e n t ry ,  w ith  a  tendency  
to  re a c h  a l im i t in g  v a lu e  a s  in  S e r ie s  JV t e s t s .  The 
m ethyl form ate p ro d u c tio n  in c re a s e s  w ith  gas r a t e  
a l s o ,  b u t in  a much g r e a te r  degree th a n  th e  form aldehyde. 
The gaseous decom position  p ro d u c ts  show no p a r t i c u l a r  
change; i f  an y th in g , an in c re a s e  in  s id e  r e a c t io n s .
o  j
2 2
*
-  ^  B
A/ A. 7 5 ° lo  C K ,p H  BY VOL% 8 , 5 7 ° lo
C, 4 8 °fo
D, 3 2 °fo
" !■ 
■1 H 
II II
SPACE V ELO C ITY , CCJCC/MIN
F ig .25. Variation in formaldehyde formation 
with space velocity and methanol 
concentration.
The r e s u l t s  o f  t h i s  s e r i e s  o f  experim en ts
le n d /
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le n d  su p p o rt to  th e  su g g e s tio n  made in  co n n ec tio n  w ith  
S e r ie s  IV t e s t s .  I t  i s  c l e a r  t h a t  in  a m ix tu re  o f  
g a se s , one i n e r t ,  i t  i s  th e  c o n c e n tra t io n  o f  th e  
r e a c ta n t  gases o r gas in  th e  m ix tu re  w hich d e te rm in es  
th e  r a t e  o f  r e a c t io n .  In  o th e r  w ords, th e  gas v e lo c i ty  
re q u ire d  to  e f f e c t  th e  r e a c t io n  a t  a  c e r t a in  r a t e  i s  
d i r e c t ly  p ro p o r t io n a l  to  th e  amount o f  i n e r t  gas p r e s e n t .
F ig . 26 below i s  su g g e s te d  a s  r e p re s e n t in g  
th e  v a r ia t io n  in  r e a c t io n  r a t e  w ith  gas v e lo c i ty  and 
gas c o n c e n tra t io n , were th e  c a t a l y s t  n o t s u b je c t  to  
d im in ished  a c t i v i t y  w ith  tim e o f  u s e .
L j M l T]NG_D£C_9M PO SI T IQN J M TE
A—*D, CONCN DECREASING
SPACE VELOCITY INCREASING
P i g . 26 .  T h e o r e t i c a l  e f f e c t  o f  space  v e l o c i t y  
and  m e th a n o l  c o n c e n t r a t i o n  on t h e  
r e a c t i o n .
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SERIES V I.
THE DECOMPOSITION OF METHANOL IN THE PRESENCE OF HYDROGEN.
Three s e r i e s  o f  t e s t s  were c a r r ie d  o u t ,  two 
w ith  p re v io u s ly  reduced  sam ples o f  c a t a l y s t ,  and one 
w ith  a  c a t a ly s t  sample reduced  im m ediately  "before u s e .
(a ) C o n d itio n s
C a ta ly s t co m p o sitio n , 6 8 . 8  mol% Zn.
C a ta ly s t volume, 5 c c .,  u se d  in  S e r ie s  I  t e s t .
T em perature, 360°C.
D uration  o f t e s t ,  1 h o u r.
P ro p o rtio n  o f  hydrogen in  v a p o r is in g  n i t r o g e n ,  0 - 7 5 ^  
R e s u lts ,  T able XVII.
Table XVII. The e f f e c t  o f  hydrogen; c a t a ly s t  co m p o sitio n
6 8 .8  mol% Zn.
Added
^2 » i°
Dcomp. 
1°
HCHO
%
Gaseous p r o d s . ,  v o l . Mass
b a l .
e r r o r
‘fo22
CO co2 CH4
N il 60 .5 1 . 0 6 6 .5 28.7 3-3 1 . 8 -1
25 53-3 1 . 6 64.2 29 .5 3-7 2 .5 -2
50 59.0 1 .5 64.7 2 9 . 1 3 .5 2 .9 - 2
75 6 1 . 9 1 .2 6 2 .2 28.2 4 .0 5 .6 - 2
+ N il 6 1 .0
* " 6 8 .1
I " 7 0 . 8
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(b) C o n d itio n s
C a ta ly s t  co m p o sitio n , 6 8 .8  mol% Zn.
C a ta ly s t volume, 5 c c . ,  p re v io u s ly  red u ce d .
T em perature, J>60°C.
D ura tion  o f  t e s t ,  1 h o u r.
P ro p o rtio n  o f  hydrogen in  v a p o r is in g  n i t r o g e n ,  0 -  15% 
R e s u lts ,  T ableX V III.
T ableX V III. The e f f e c t  o f  hydrogen; c a t a l y s t  com position
6 8 .8  mol% Zn.
Idded 
32 , %
Dcomp. HCHO. Gaseous p ro d u c ts ,  % v o l . Mass
"hAl/° /*>
IL, CO co2 ch4
ucvx •
%
e r r o r .
N il 61 .0
2-5 57 .6 1 .5 64.3 29 .8 3 .1 2 .8 -1
5 .0 73 .0 1 .7 64 .0 2 7 .2 4 .5 4 .3 -2
N il 66 .0
10 .0 62 .6 1 .2 65-3 26 .9 4 .2 3 .6 -3
1 5 . 0 66.7 1 .3 65 .0 2 7 . 8 3 .3 4 .1 -1
The r e s u l t s  o f  th e s e  two s e t s  o f  ex p erim en ts  
in d ic a te  t h a t  th e  p re se n ce  o f  sm a ll p ro p o r t io n s  o f  
hydrogen in  th e  gas s tream  te n d s  to  in c re a s e  th e  
a c t i v i t y  o f  th e  c a t a l y s t ,  and t h a t  f u r th e r  a d d i t io n  o f  
hydrogen has l i t t l e  e f f e c t*  In c re a se  in  
e x c e s s /
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ex cess  hydrogen ap p e a rs  to  prom ote th e  fo rm a tio n  o f  methane 
and to  a  l e s s e r  e x te n t ,  carbon  d io x id e  a s  b y e -p ro d u c ts .
In  T able XVIIthe r e s u l t  m arked+ was o b ta in e d  im m ediately  
a f t e r  th o se  w ith  th e  hydrogen , t h a t  marked * a f t e r  4 h o u r s ’ 
f lu s h in g  w ith  N2 , and t h a t  marked /  a f t e r  8 h o u rs . I t  
ap p ears  t h a t  th e  tre a tm e n t w ith  hydrogen h as  had  th e  
e f f e c t  o f  p a r t i a l l y  r e v iv i f y in g  th e  c a t a l y s t ,  th e  o r ig in a l  
a c t i v i t y  o f  w hich was 80% when f r e s h ly  p re p a re d . I t  a ls o  
seems th a t  th e  hydrogen i s  removed from th e  s u r fa c e  o f  th e  
c a ta ly s t  w ith  d i f f i c u l t y ,  and a s  i t  i s  removed th e  a c t i v i t y  
p ro g re s s iv e ly  in c r e a s e s ,  te n d in g  to  th e  o r ig in a l  f ig u r e  fo r  
th e  f r e s h  sam p le .
I t  was d ec ided  to  in v e s t ig a te  more th o ro u g h ly  
th e  e f f e c t  o f  a d d i t io n a l  hydrogen on th e  d eco m p o sitio n , 
p a r t i c u l a r l y  w ith  re g a rd  to  th e  p ro d u c ts  form ed, and th e  
fo llo w in g  s e r i e s  o f  t e s t s  *as c a r r i e d  o u t : -
( c ) .  C o n d itio n s
C a ta ly s t  co m p o sitio n , 7 2 .8  mol% Zn.
C a ta ly s t  volume, 5 c c . ,  reduced  im m edia te ly  b e fo re  u s e .  
T em peratu re , 360°C.
P ro p o r tio n  o f  hydrogen in  th e  v a p o r is in g  n i t r o g e n ,  0 -  100%. 
R e s u l ts ,  T able XIX
The a c t i v i t y  o f  th e  c a t a ly s t  was de te rm ined  
im m ed ia te ly /
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im m ediately  b e fo re  th e  a d d i t io n  o f  hydrogen , and i t  was 
found t h a t  th e  a c t i v i t y  v a r ie d  w ith  th e  tim e  th e  c a ta ly s t  
was in  u s e .
T able XIX. The e f f e c t  o f  hydrogen; c a t a ly s t  com position  
7 2 .8  mol% Zn.
Added
2
Dcomp.
1“
HCHO
1o
Meth
frm te
1o
Gaseous p r o d s . ,  ^  v o l . Mass
b a l .
1*
e r r o r
Time 
m ts .
=2 CO co2 CH4
N il 23 .6 2 .7 0 . 1 80
n 2 9 . 8 3 .6 0 . 8 68.3 24 .1 6 .4 1 . 2 -0 .7 125
i t 44 .1 2 . 8 0 . 1 66.7 27 .1 5-3 1 . 0 -2 170
n 46 .9 2 .4 - 67 .7 25 .3 6 . 2 0 . 8 - 1 215
n 5 1 .8 2 .4 0 .5 66 .5 27 .4 5-3 0 . 8 - 1 260
tt 56.3 2 . 1 0 .4 67 .2 2 7 . 0 5 .4 0 .4 -2 305
it 5 3 * 6 2 .3 0 .5 6 6 .4 28 ,1 4 .5 0 . 8 - 1 . 350
n 42 .0 2 .4 0 . 8 6 6 .5 2 7 . 6 5-0
r
0 • VO 1 0 • vn 395
5 .0 5 8 .6 2 . 0 0 .3 6 6 .7 2 7 .9 3 .8 1 .7 -2 485
5 .0 57 .4 2 .0 0 .6 6 7 .O 2 9 . 0 3-5 0 . 4 -2 530
10 .0 5 3 .8 2 .5 1 . 0 6 6 .7 28 .6 3 .8 0 . 9 -2 575
10 .0 5 3 .2 2 .6 0 . 9 66 .6 28 .8 3 .7 0 . 9 -2 620
2 5 . 0 5 0 .7 2 .8 0 . 9 166.6 28 .9 3 .5 0 . 9 r 665
6 0 . 0 4 9 . 9 2 .5 0 .8 64 .5 3 0 . 6 3 .9 1 . 0 - 2 710
100 5 0 .8 2 .2 0 .6 66 .0 2 8 .4 4 .5 1 . 1 - 1 755
5 . 0 5 9 .6 2 .1 0 .8 Not in a ly s ' id 800
5 . 0 5 6 .4 2 .2 1 .2 tt n 845
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The r i s e  in  a c t i v i t y  o f  th e  c a t a l y s t  w ith  
use  w i l l  be n o t ic e d .  The in c re a s e d  a c t i v i t y  i s  not 
m a in ta in ed , how ever, and th e  f a l l  ap p ears  to  be even 
more sharp  th a n  th e  r i s e .  The a d d i t io n  o f  o n ly  57^  
ex cess  hydrogen i s  s u f f i c i e n t  to  check t h i s  f a l l  
i n s t a n t l y ,  a c tu a l ly  r a i s i n g  th e  a c t i v i t y  to  s l i g h t l y  
more th a n  th e  p re v io u s  maximum. F u r th e r  a d d i t io n s  o f  
hydrogen reduce th e  a c t i v i t y  on ly  s l i g h t l y ,  b u t on 
add ing  %  a g a in  th e  a c t i v i t y  i s  a g a in  s h a rp ly  in c re a s e d .
(F ig .  27.)
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F i g . 2 7 .  V a r i a t i o n  i n  c a t a l y s t  a c t i v i t y  w i th  
t im e  o f  u s e ,  and  r e a c t i v a t i n g  e f f e c t  
o f  s m a l l  a d d i t i o n s  o f  h y d ro g e n .
(The f ig u re s  on th e  curve in d ic a te  th e  i<> hydrogen added
t o /
-  1 0 6
to  th e  v a p o r is in g  n i t r o g e n ) .
The g r e a t e s t  e f f e c t  o f  hydrogen, th e r e f o r e ,  
i s  observed  when 5% i s  added to  th e  v a p o r is in g  n i t r o g e n .  
T h is i s  more c l e a r ly  i l l u s t r a t e d  by f i g .  28. I t  i s  
ap p a ren t t h a t  f u r th e r  a d d i t io n  o f  hydrogen up t o  251° 
has a  s l i g h t  r e ta r d in g  a c t io n ,  and th a t  above t h i s  
f ig u re  th e r e  i s  no a p p re c ia b le  change in  a c t i v i t y  o f  
th e  c a t a l y s t .
i o o
.7 5
5 0
bJ
25 5 0
°fo H2 IN VAPORISING N2-
75 IOO
Fig.28. Effect of additional hydrogen on 
the methanol decomposition.
I t  can th e r e fo r e  be s a id  t h a t  th e  a d d i t io n  o f  abou t 5% o f  
hydrogen to  th e  m ix tu re  o f  n i tro g e n  and m ethanol vapour 
p a s s in g  o ver th e  c a ta ly s t  has an a c t iv a t in g  e f f e c t .  T h is  
i s /
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i s  su p p o rted  by th e  r e s u l t s  o f  ( b ) .
F ig . 29 i l l u s t r a t e s  th e  e f f e c t  o f  th e  
hydrogen on th e  methane and carbon  d io x id e  in  th e  gaseous 
p ro d u c ts .
'APPR IS IN G  No75
F i g . 2 9 .  E f f e c t  o f  a d d i t i o n a l  h y d ro g e n  on t h e  
d e c o m p o s i t i o n  p r o d u c t s .
On th e  o th e r  hand, th e  e f f e c t  o f  th e  hydrogen 
on th e  form aldehyde and m ethyl fo rm ate  in  th e  p ro d u c ts  
i s  s im i la r ,  a s  shown by f i g .  30 The v a lu e s  o f  th e s e  
su b s ta n ce s  f o r  pure n i tro g e n  a re  th e  av e rag es  f o r  a l l  th e  
experim en ts o f  t h i s  s e r i e s  b e fo re  hydrogen was added .
108
HCHO
°/o H2 in vaporising n2.
P i g . 3 0 .  E f f e c t  o f  a d d i t i o n a l  h y d ro g e n  on t h e  - 
d e c o m p o s i t i o n  p r o d u c t s .
These cu rves fo llo w  f a i r l y  c lo s e ly  t h a t  f o r  th e  e f f e c t  o f  
hydrogen on th e  a c t i v i t y  o f  th e  c a t a l y s t  ( f i g .  28 . ) t 
excep t in  th e  e a r ly  s ta g e s  ( i . e .  up t o  51°) when th e  
minimum in  th e  l a t t e r  co rresp o n d s to  th e  maximum in  th e  
fo rm e r.
CONTINUED EXPERIMENTS WITH HYDROGEN.
The s tu d y  o f  th e  e f f e c t  o f  hydrogen on th e  
r e a c t io n  was continued, o ver a lo n g  p e r io d  to  d isc o v e r  
i f  th e  a d d i t io n  o f  sm all am ounts o f  hydrogen m a in ta in ed  
th e  in c re a se d  a c t i v i t y  o f  th e  c a t a l y s t  . The e f f e c t  was 
s tu d ie d  over a f u r th e r  p e r io d  o f  abou t 14 h o u rs , th e  
t e s t s  b e in g  o f  45 m inu tes each . F ig .  31 fo llo w in g  
shows th e  r e s u l t s  o f  th e  com plete s e r i e s ,  s t a r t i n g  w ith  
th e  f r e s h ly  reduced  sample o f  c a t a l y s t .
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TIME. MIN.
1200 150 0  18 0 0
F i g . 3 1 .  V a r i a t i o n  o f  c a t a l y t i c  a c t i v i t y  w i t h  _ 
t im e  o f  u s e ,  and  r e a c t i v a t i n g  e f f e c t  
o f  s m a l l  a d d i t i o n s  o f  h y d ro g e n .
I t  w i l l  be seen  t h a t  even th e  p re se n c e  o f  5^ ^  
in  th e  v a p o r is in g  n i tro g e n  ( th e  c o n c e n tra t io n  g iv in g  th e  
g r e a te s t  r i s e  in  a c t i v i t y )  does n o t p re v e n t th e  a c t i v i t y  
from/
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from f a l l i n g .  But a f t e r  t h i s  p e r io d  o f u s e , where 
th e r e  i s  no a p p re c ia b le  check o f  th e  f a l l i n g  a c t i v i t y  
w ith  5% H2 , th e r e  i s  a  s l i g h t ,  th ough  d e f in i t e  r i s e  in  
a c t i v i t y  when t h i s  c o n c e n tra t io n  i s  changed t o  10%.
The tendency  f o r  th e  a c t i v i t y  to  f a l l  w ith  f u r th e r  
use  however, does no t appear t o  he overcome.
-  I l l
SERIES V II .
THE DECOMPOSITION OF METHANOL IN Tffi PRESENCE OF CARBON
MONOXIDE.
C o n d itio n s
C a ta ly s t  co m p o sitio n , 7 2 .8  mol% Zn.
C a ta ly s t  volume, 5 c c . ,  f r e s h ly  red u ced .
T em perature, 360°C.
D ura tion  o f  t e s t ,  45 m in u tes .
P ro p o r tio n  o f  carbon  monoxide in  v a p o r is in g  n i t r o g e n ,  0 -  1C
R a te , ap p ro x . 2 .6  gm. CH^OH in  4 l i t r e s  v a p o r is in g  g a s /h r .  
R e s u lts ,  Table XX.
T able x x .  E ffe c t  o f  carbon  monoxide; c a ta ly s t  com position
72 .8  moli» Zn.
% CO 
in  N2
Dcomp HCHO
fo
Meth
frm te
%
Gaseous p r o d s . ,  % by v o l .  Mass
/°
*2 CO co2 ch4 .
• /**
e r r o r
N il . 64 .6 1 .8 N il 6 5 .O 3 1 .2 3 .0 1 .0 -
5% 7 6 .2 1 .3 n 6 9 .2 26 .4 3 .3 0 .7 -2
% 68 .6 2 .1 t r e e 68 .0 28.7 3 .2 n i l -1
10% 67 .4 1 .8 n i l 6 7 .O 3 0 .0 2 .9 tt -1
20% 62.2 1 .6 0 .1 68 .2 27 .5 3-5 0 .9 -2
40 % 57.7 1 .9 0 .4 66 .0 28 .8 4 .5 0 .8 -1
1001c 55.6 1 .9 0 .2 65 .5 2 9 .2 4 .9 0 .5 -
5% 68 Not  ana] y se d .
68 tt tt
N il 66 n it
% 66 1 tt
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These r e s u l t s  show t h a t  the  e f f e c t  o f  carbon  
monoxide on th e  decom position  i s ,  to  a l l  i n t e n t s  and >
p u rp o se s , i d e n t i c a l l y  th e  same a s  t h a t  o f  hydrogen  
( S e r ie s  Vic p .  103). fiumford (P r iv a te  com m unication) 
h as  d em onstra ted  t h a t  w ith  t h i s  c a t a l y s t ,  more hydrogen 
i s  ad so rb ed  a t  360°C th a n  carbon  monoxide, and i t  was 
ex p ec ted  in  consequence t h a t  th e  e f f e c t  o f  excess 
hydrogen on the  r e a c t io n  would be more marked th a n  th e  
e f f e c t  o f  ex cess  carbon  monoxide ( i . e .  ex cess  o v er th e  
q u a n t i ty  produced  d u rin g  th e  decom position  o f  m ethano l)
The s im i l a r i t y  in  e f f e c t  o f  th e  a d d i t io n s  o f  5% CO and 
5^ Hg i s  i n t e r e s t i n g .
T h e o re t ic a l ly ,  how ever, th e re  i s  a  d if fe re n c e  
in  th e  e f f e c t  on the  e q u i l ib r iu m  a s  i s  shown by the 
fo llo w in g : -
In  the e q u a tio n : CH,0H 2H-+C0
£ b cp
K = b o  ( c o n s ta n t volum e) 
c “ a”
I f  th e  r e a c t io n  be c a r r ie d  o u t in  th e  p resen ce  o f  ex cess  
H2 , suppose x , th e n  th e  new volume o f  hydrogen now 
becomes ( b + x ). L e t a ’ and c ’ be th e  new c o n c e n tra t io n s  
o f  CH^ QH and CO.
T h erefo re  K *  ( b+x)2 . c '
* ( b2+2bx+x2 ) .c* ...................... ( 1 )
a 1
F or to  be c o n s ta n t ,  b must be d ec re ased  to  b ' an ac
hen o e /
113 -
hence th e  r e a c t io n  w i l l  be r e ta rd e d .
E ut i f  th e r e  i s  ex c ess  CO, suppose x , th e n  from  th e
fo re g o in g  re a so n in g  K ■ b ,2 (c'4Qc) , (where b* i s  th e
c a '
new c o n c e n tra t io n  o f  CO)
-  b ' 2c*+b*2x .  (2 )
a ’
I t  can be seen  from e q u a tio n s  (1 ) and (2 ) t h a t  f o r  
Kc to  rem ain c o n s ta n t ,  th e  r e a c t io n  w i l l  be r e ta rd e d  to  
a  g r e a te r  e x te n t  by hydrogen th a n  by carbon  monoxide, 
(vary ing  acco rd in g  to  th e  sq u are  o f  th e  hydrogen 
c o n c e n tra t io n , and acco rd in g  to  th e  c o n c e n tra t io n  on ly  
o f  carbon monoxide). S ince  Kc has such a la rg e  v a lu e  a t 
th e  tem p era tu re  o f  th e  experim ent (5 .6x10^) and s in c e  
ex p e rim en ta l c o n d itio n s  a re  n o t n e c e s s a r i ly  c lo s e  to  
e q u ilib r iu m , i t  i s  th o u g h t t h a t  any d if f e r e n c e  in  th e  
t h e o r e t i c a l  e f f e c t  i s  u n l ik e ly  to  be n o t ic e a b le  u n d er th e  
p r e v a i l in g  ex p e rim en ta l c o n d i t io n s .
F ig . 32 fo llo w in g  which shows th e  e f f e c t  
o f  th e  a d d i t io n  o f carbon  monoxide i s  s im i la r  to  
f i g .  28 page 106 which i l l u s t r a t e s  th e  e f f e c t  o f th e  
a d d i t io n  o f  hydrogen.
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F i g . 3 2 .  E f f e c t  o f  a d d i t i o n a l  c a r b o n  monoxide 
on t h e  m e th a n o l  d e c o m p o s i t i o n .
9
r '  \
O 2 5<3 7 IOO
°lo  CO IN VAPORISING N2 .
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ANOMALOUS TEMPERATURE EFFECTS.
Throughout a l l  th e  decom position  ex p e rim en ts  a t  
360°C. a  sh a rp  r i s e  in  tem p era tu re  was o b ta in e d  a t  th e  
b eg in n in g  o f each  t e s t .  T his r i s e  in  th e  f i r s t  few 
m inutes was fo llo w ed  by a  s lo w er f a l l ,  g e n e ra l ly  to  below 
360°C. T his e f f e c t  was most n o t ic a b le  w ith  c a t a l y s t s  
w hich had been  red u ced  im m edia te ly  b e fo re  u s e . The r i s e  in ;
tem p era tu re  was a t  f i r s t  a t t r i b u t e d  to  r e d u c t io n  o f  the 
c a t a l y s t  ta k in g  p la c e ,  b u t when i t  p e r s i s t e d  lo n g  a f t e r  
re d u c tio n  was judged  to  be com plete , t h i s  th e o ry  was 
abandoned.
P a r t i c u l a r  a t t e n t io n  was p a id  to  t h i s  e f f e c t  
in  S e r ie s  Vic . When th e  m ethanol was v a p o r is e d  by 
n i t r o g e n  a lo n e , th e  r i s e  was ab o u t 10°C. i n  th e  f i r s t  
m inute o f  th e  t e s t .  T h is was fo llo w ed  by  a  s lo w er f a l l  
o f  ab o u t 12° d u rin g  th e  n ex t two m in u te s . W ith the  
a d d i t io n  o f hydrogen to  th e  n i t r o g e n  th e  degree o f  t h i s  
tem p era tu re  change was a l t e r e d ,  a s  shown by th e  
fo llo w in g  r e s u l t s : -
N2 . .  10°C/m in; tem p, f a l l  to  358°C. in  n e x t 2 min.
5  & 10?£ ILj " "  « it i» it n it *
25^ 5 -6 °/m in ;  " " " 355  " •  " «
6QJC H2 4 °/m in ; " " " 350  " » » »
i ° n  n u n100^ H2 4 /m in ; " ■ ■ 350
5/. H2 10° /m in ; " » " 360 t» M B N
The f ig u r e s  a re  a d m itte d ly  ap p ro x im a te , b u t
th e /
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th e  d if fe re n c e  betw een th e  v a lu e s  f o r  pure n i t r o g e n  
and th o se  f o r  p u r*  hydrogen a re  s u f f i c i e n t l y  f a r  a p a r t  
to  exc lude  ex p e rim en ta l e r r o r .  The te m p era tu re  was n o t 
a llow ed  to  rem ain below  J>60°C f o r  any le n g th  o f  t im e , 
th e  f a l l  b e in g  checked a s  soon a s  p o s s ib le ,  and  hence 
th e  drop in  te m p e ra tu re  i s  g r e a t e r  th a n  re c o rd e d .
I t  w i l l  be n o t ic e d  th a t  th e  r i s e  in  te m p e ra tu re  
becomes l e s s  w ith  in c re a s e d  hydrogen  c o n c e n tr a t io n , and 
a t  th e  same tim e th e  f a l l  i s  in c re a s e d . A f te r  th e  
experim en t w ith  100/6 a  t e s t  was perfo rm ed  w ith  5/^  H2 , 
and th e  te m p e ra tu re  e f f e c t  i n  t h i s  case was s im i la r  to  
t h a t  o b ta in e d  w ith  th e  o r ig in a l  c o n c e n tr a t io n .
I t  i s  p o s s ib le  t h a t  th e  g r e a t e r  tem p era tu re  drop may 
be due to  th e  g r e a t e r  c o n d u c tiv i ty  f o r  h e a t  o f  hydrogen .
A b la n k  t e s t  w ith  hydrogen in  th e  absence o f  m ethanol 
how ever, p roduced  a  d e f in i t e  r i s e  in  te m p e ra tu re  w ith  
p r a c t i c a l l y  no subsequen t f a l l .
W ith pure n i t r o g e n  a s  th e  v a p o r is in g  medium
t h i s  r i s e  in  tem p era tu re  was o b ta in e d  in  t e s t s  a t
300°C. and a l s o  a t  400°C. At 300°C. the  r i s e  i s  much 
more g ra d u a l , and o f  a  low er o rd e r ,  e .g .  5 ° in  th e  f i r s t  5 
m in u te s , w ith  a  f a l l  a g a in  to  300? C in  th e  n ex t 2 o r  3 .
At 400°C. th e  r i s e  i s  more r a p id ,  and  g r e a t e r ,  e . g .  8 ° in
th e  f i r s t  2 - 3  m inu tes fo llo w ed  by a  f a l l  to  390  -  395°C.
in  the  n ex t 3 - 4  m in u tes .
The/
-  117 -
The f ig u r e s  quo ted  le a d  to  th e  s u g g e s tio n  th a t  
p r io r  to  decom position , a d s o rp t io n  o f  the  
m ethanol w ith o u t d ecom position  ta k e s  p la c e  on th e  
su r fa c e  o f  the  c a t a l y s t .  I f  th e  m ethanol were ad so rb ed  
and s im u lta n e o u s ly  decomposed, i t  i s  j r o b a b le  t h a t  th e  
h e a t  o f  a d s o rp tio n  w ould be p a r t i a l l y  b a la n c e d  by  th e  
h e a t  o f  decom position , r e s u l t in g  in  l i t t l e ,  i f  any , 
tem p era tu re  change. But the  te m p e ra tu re  r i s e  p o in ts  to  
a d s o rp tio n  w ith o u t decom position  ta k in g  p la c e ,  fo llo w ed  
by decom position , a s  ev id en ced  by  th e  f a l l  in  
te m p e ra tu re . I t  ap p ears  a3so th a t  the h ea t r e q u i r e d  f o r  
decom position  i s  g r e a t e r  th a n  t h a t  ev o lv ed  on a d s o rp t io n .
The f ig u re s  fo r  the  a d d i t io n  o f  hydrogen 
su g g es t t h a t  th e  hydrogen in  ex c ess  te n d s  to  i n h i b i t  
th e  com plete a d s o rp tio n  o f  th e  m ethanol m o lecu le . In  
t h i s  case  com plete a d s o rp tio n  o f  th e  m ethanol m olecule 
may n o t be p o s s ib le ,  an d  hence th e  h e a t o f  decom position  
p red o m in a tes , and th e  f a l l  in  tem p era tu re  i s  g r e a t e r  
th a n  the  r i s e .
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SERIES V I I I .
THE QUALITATIVE MEASUREMENT OF THE ADSORPTION OF 
METHANOL ON THE CATALYST SURFACE.
I t  h as  been  su g g e s ted  p re v io u s ly  ( p . 117) t h a t  
th e  p e c u l ia r  te m p e ra tu re  changes observed  a t  th e  
commencement o f  any experim ent on th e  decom position  o f  
m ethanol were due to  m ethanol b e in g  q u a n t i t a t iv e ly  
adso rbed  on th e  s u r fa c e  o f  th e  c a t a ly s t  p r i o r  to  
decom position . The tim e  d u rin g  w hich th e  m ethanol i s  
h e ld  by th e  c a t a l y s t  s u r fa c e  i s  presum ed to  be s u f f i c i e n t l y  
g re a t  to  a llow  th e  h e a t o f  a d s o rp tio n  to  m a n ife s t i t s e l f  
b e fo re  decom position  commences, a s  shown by th e  f a l l  in  
tem p era tu re  su b se q u e n tly . I f  decom position  o c c u rred  
im m ediately  th e  m ethanol came in  c o n ta c t  w ith  th e  s u r f a c e ,  
th e n  th e  h e a t o f  decom position  o f  th e  m ethanol would mask 
com plete ly , th e  h e a t o f  a d s o rp tio n , i t  b e in g  remembered
\
t h a t  a c t iv a te d  a d s o rp tio n  i s  a k in  to  m ild  chem ical 
a c t io n  (se e  p . 7 ) .
I t  was th o u g h t, t h e r e f o r e ,  t h a t  t h i s  a d s o rp tio n  
m ight m an ife s t i t s e l f  in  some way w hich co u ld  be 
m easured e x p e r im e n ta lly , such  a s  a la g  in  commencement 
o f  decom position  a f t e r  th e  in t r o d u c t io n  o f  th e  m ethanol 
to  th e  c a t a l y s t ,  o r  by a f a l l  in  p re s s u re  in  a  c lo s e d  
system , fo llo w ed  by a  r i s e ,  due to  d eco m p o sitio n .
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The experim en ts  fo llo w in g  were d e v ise d  to  t e s t ,  i f  
p o s s ib le ,  th e s e  a ssu m p tio n s .
(1) A t e s t - t u b e  f i l l e d  w ith  m ethanol vapour a t  
360°C was a t ta c h e d  to  a m anom eter. The c a t a l y s t  was 
co n ta in e d  in  a th in -w a l le d  g la s s  bu lb  p la c e d  in  th e  
t e s t - t u b e  a t  th e  b eg in n in g  o f  th e  ex p e rim en t. A f te r  
about an hour to  a llo w  c o n s ta n t te m p e ra tu re  to  be 
reach ed , th e  b u lb  was broken  a t  th e  r e q u ir e d  i n s t a n t ,  
and th e  m ethanol vapour th e re b y  allow ed  t o  come in  
c o n ta c t w ith  th e  c a ta ly s t  ( a t  360°C ). A s e n s i t iv e  
therm ocouple was p la c e d  in  th e  bottom  o f  th e  t e s t  tu b e ,  
so t h a t  when th e  b u lb  was b ro k en , th e  c a t a l y s t  co m p le te ly  
covered  th e  therm ocouple ju n c t io n .
T his method proved  a  f a i l u r e ,  a s  th e  te m p e ra tu re  
r e g i s t e r e d  f o r  th e  c a t a l y s t  was alw ays s l i g h t l y  low er 
th a n  t h a t  o f  th e  atm osphere o f  th e  t u b e . T h is  may be 
due to  in s u f f i c i e n t  tim e  b e in g  a llo w ed  f o r  e q u il ib r iu m  
tem p era tu re  c o n d itio n s  to  be a t t a in e d .
(2 ) M ethanol vapour and n i tro g e n  were p a sse d  
th ro u g h  th e  a p p a ra tu s  u sed  in  ( 1 ) ,  a  s e n s i t iv e  flow ­
m eter b e in g  s u b s t i tu te d  f o r  th e  manometer. T h is  method 
was a ls o  a f a i l u r e ,  a s  no la g  in  gas p ro d u c tio n  cou ld  
be d e te c te d .
(3 ) T h is method i s  s im i la r  t o  ( 2 ) ,  excep t t h a t  th e  
c a t a ly s t  (3 c c s . )  was h e ld  in  a  cage w hich was i t s e l f  
made/
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made th e  therm ocouple h o t ju n c t io n .  To p re v e n t m ethanol 
vapour condensing  in  th e  flo w -m eter o r i f i c e ,  two 
immersion condensers were p la c e d  in  s e r i e s  b e fo re  th e  
flow  m e te r. The r e s u l t s  a r e  shown in  f i g .  33 
fo llo w in g :-
t v  tX J  B O
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P i g . 33 .  R e l a t i o n  b e tw e e n  commencement o f
r e a c t i o n  and s p o n ta n e o u s  t e m p e r a t u r e  
v a r i a t i o n .
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I t  w i l l  be n o t ic e d  t h a t  th e r e  i s  a  d e f i n i t e  la g  
(x  y )  in  each  c a s e , when i t  m ight be ex p ec ted  t h a t  th e  
t r u e  curve shou ld  be x z y . M oreover, th e  tim e o f  c o n ta c t  
o f  th e  m ix tu re  o f  n i tro g e n  and m ethanol vapour i s  
ap p ro x im ate ly  one second, and i t  w i l l  be n o t ic e d  t h a t  th e  
la g  ex tends over a  p e r io d  o f  ap p ro x im ate ly  20 seco n d s.
The la g  in  th e  te m p e ra tu re  r i s e  m ight a ls o  be due to  
th e  poor c o n d u c tiv i ty  f o r  h e a t o f  th e  c a t a l y s t ,  an 
a p p re c ia b le  tim e  b e in g  re q u ir e d  f o r  th e  te m p e ra tu re  to  
become even th ro u g h o u t th e  c a t a l y s t  m ass. I t  i s  
e v id e n t, how ever, t h a t  th e  te m p e ra tu re  s t a r t s  to  r i s e  
b e fo re  th e  maximum o u t l e t  gas r a t e  i s  re a c h e d .
(4 ) In t h i s  method a la rg e  volume (20 c c s . )  o f
c a ta ly s t  was employed- A m ix tu re  o f  m ethanol vapour 
and n i tro g e n  was p assed  th ro u g h  th e  r e a c t io n  chamber 
f o r  a  s h o r t  tim e , th e  a p p a ra tu s  b e in g  c o ld , to  ensu re  
t h a t  th e r e  was on ly  m ethanol and n i tro g e n  in  th e  v e s s e l .  
The v e s s e l  was n ex t c lo s e d , and a  m ercury manometer 
f i t t e d .  Slow h e a t in g  was commenced, and re a d in g s  o f  
tem p era tu re  and p re s s u re  were ta k e n  a t  m inute i n t e r v a l s .  
F ig . 34 fo llo w in g  i l l u s t r a t e s  th e  r e s u l t s  o b ta in e d .
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F i g . 34 .  C a t a l y s t  phenomena.
This shows f a i r l y  c o n c lu s iv e ly  t h a t  m ethanol i s  
f i r s t  adsorbed, w ith o u t decom position  by th e  c a t a l y s t .
As th e  te m p e ra tu re  r i s e s ,  decom position  s e t s  i n ,  and 
when i t  i s  com plete , th e re  i s  o rd in a ry  th e rm a l ex p an sio n . 
The experim ent was c a r r ie d  out in  d u p l ic a te ,  b u t in  th e  
f i r s t  a ttem p t a w ate r manomoter was u se d , and due to  th e  
la rg e  p re s s u re  in c re a s e , th e  p re s s u re  had to  be r e le a s e d  
a t  in t e r v a l s  d u rin g  th e  ex p erim en t. A f a l l  in  p re s s u re  
s im ila r  to  t h a t  i l l u s t r a t e d  was o b ta in e d  in  th e  same 
te m p e ra tu re  r a n g e .
The r e s u l t s  o f  th e s e  Seua? e f  ex p e rim en ts ,
though /
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though  p u re ly  q u a l i t a t i v e ,  su g g est t h a t  i t  i s  p o s s ib le  
f o r  m ethanol to  be adso rbed  on th e  c a t a l y s t  s u r fa c e  
w ith o u t decom position  a t  low te m p e ra tu re s . I t  may be 
assumed th a t  i t  i s  a ls o  ad so rb ed  te m p o ra r i ly  a t  h ig h  
te m p e ra tu re s , b u t t h a t  in  t h i s  ca se  th e  tim e o f
a d s o rp tio n  i s  ex trem ely  s h o r t .  That th e r e  a r e  two
Uj r /
s te p s  in v o lv ed  i s  e v id e n t from f i g s .  33 and 34 , w hich/ A
shows a  d e f in i t e  la g  betw een th e  i n i t i a l  c o n ta c t  o f  
th e  m ethanol w ith  th e  c a t a l y s t  and th e  f i n a l  s te a d y  
decom position  o f  th e  m ethano l.
CHAPTER X .
DISCUSSION OF RESULTS OF THE METHANOL DECOMPOSITION.
The work o f  C ryder, F ro l ic h ,  F enske , and o th e rs  
p re v io u s ly  m entioned , on th e  a c t i v i t y  o f  Zn/C r c a t a l y s t s  
f o r  th e  decom position  o f  m ethanol a t  a tm o sp h e ric  p r e s s u r e  
i s  borne ou t by S e r ie s  I  t e s t s .  The m ost a c t i v e  c a t a l y s t s  
f o r  th e  decom position  o f  m ethanol a p p e a r  to  l i e  in  th e  
range 55 to  70 molfo Zn. ( f i g .  II  p . 68 )
The c a t a l y s t s  ap p ea r to  be s e n s i t i v e  to  th e  
h e a t- t r e a tm e n t  to  w hich th e y  a r e  s u b je c te d . O v erh ea tin g  
to  in can d escen ce  d u rin g  re d u c t io n  has b een  shown by 
Rumford ( J .R .T .C . 4 2 7 ,4 , 1939) "to im p a ir  s e r io u s ly  th e  
a c t i v i t y  o f  such  c a t a l y s t s .  As has a l r e a d y  b een  s t a t e d  
("R ed u c tio n  o f  c a t a l y s t s " ,  p . 4 8 ) ,  t h i s  o v e rh e a tin g  
on re d u c t io n  has been overcom e. F u rth e rm o re , th e  
c o n d itio n s  o f  r e d u c t io n  were s ta n d a rd is e d ,  i n  o rd e r  th a t  
each  sample o f  c a t a l y s t  sh o u ld  be s u b je c te d  to  c o n d it io n s  
o f  h e a t in g  a s  s im i la r  a s  p o s s ib le .  In  s p i t e  o f  t h i s  
p re c a u tio n , th e  a c t i v i t y  o f  th e  c a t a l y s t s  was found to  
change on s to r a g e ,  b o th  in  th e  reduced  s t a t e s .  The sam ple 
o f  c a t a l y s t  to  be u sed  was th e r e f o r e  red u ced  u n d e r 
s ta n d a rd  c o n d itio n s  im m edia te ly  b e fo re  th e  d eco m p o sitio n  
ex p erim en ts .
C o n tra ry  to  th e  s ta te m e n t o f  C ryder an d  F ro l ic h
( J . /
-  125 -
(J . I .E .C . ,  1929, 8 6 7 . )  t h a t  th e  l i f e  o f  an  a c t iv e  
c a ta ly s t  was a lm ost i n d e f i n i t e ,  th e  a c t i v i t y  and th e  
com position  o f  th e  r e a c t io n  p ro d u c ts  h a rd ly  chang ing  
o ver a lo n g  p e r io d  o f  u se  a t  340°C ., th e  r e s u l t s  show 
c o n c lu s iv e ly  t h a t  t h i s  i s  n o t th e  c a se  e s p e c i a l ly  d u rin g  
th e  f i r s t  few h o u rs  u se  o f  th e  c a t a l y s t  (T a b le s  V to  
I  i n c l . ) .  The a c t i v i t y  o f  th e  sam ples u sed  in  S e r ie s  
I I I  (w hich have been  k ep t f o r  ap p ro x im a te ly  9 months in  
th e  unreduced  s t a t e ,  and were red u ced  im m edia te ly  b e fo re  
u se )  appeared  to  r i s e  w ith  tim e o f  u s e .  On f u r th e r  
in v e s t ig a t io n  o f  t h i s  phenomenon, i t  was a p p a re n t t h a t  
th e  a c t i v i t y  ro se  to  a  maximum and th e n  d ec re a se d  
(T ab le  XIX ) .  The maximum a c t i v i t y  o b ta in e d  i s  n o t ,  
however, a s  g re a t  a s  t h a t  o b ta in e d  in  S e r ie s  1 , where 
th e  sample was f r e s h ly  p re p a re d  a s  w e ll  a s  f r e s h ly  
red u ced . I t  a p p e a rs , t h e r e f o r e ,  t h a t  th e  a c t i v i t y  o f  a 
c a t a ly s t  o f  t h i s  ty p e  depends also an the in te rv a l  e la p s in g  
s in c e  i t s  p r e p a r a t io n ,  and hence f o r  maximum a c t i v i t y ,  
th e  c a t a l y s t  must be p re p a re d  and red u ced  im m edia te ly  
b e fo re  u s e .
At a te m p e ra tu re  o f  abou t 300°C. th e  mechanism 
o f  th e  decom position  o f  m ethanol ap p e a rs  to  -undergo a  
change. Below t h i s  te m p e ra tu re  th e r e  i s  v e ry  l i t t l e  
change in  th e  amount o f  decom position  w ith  change o f  
te m p e ra tu re /
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te m p e ra tu re , b u t a s  th e  te m p e ra tu re  i s  in c re a s e d  
above 300°C. th e  r i s e  in  decom position  i s  ex trem ely  
r a p id  ( f i g . 13 p . 71 ) .  T h is  te m p e ra tu re  e f f e c t  i s  
f u r th e r  i l l u s t r a t e d  by f i g .  17 p . 81 w hich in d ic a te s  t h a t  
a t  300°C. and 400°C. th e  com position  o f th e  c a t a l y s t  
(up to  abou t 73 molfi Z n .) has l i t t l e  o r  no e f f e c t  
on i t s  a c t i v i t y  f o r  th e  decom position  o f  m e th an o l. 
Between th e s e  two te m p e ra tu re s  th e  e f f e c t  o f  c a t a l y s t  
com position  i s  n o t ic e a b le ,  in c re a s in g  from 3 0 0 °C. to  
a  maximum, and th e n  d e c re a s in g  a g a in  t o  400°C . T h is  
su g g e s tio n  o f change in  mechanism i s  su p p o rte d  by 
Rumford ( J .R .T .C .,  427, 1939) w ith  ex p erim en ts
on th e  a c t iv a te d  a d s o rp tio n  o f  hydrogen on Zn/Cr 
c a t a l y s t s  o f  th e  ty p e  u se d  in  th e s e  ex p e rim en ts .
I t  was found th a t  a d e f in i t e  ty p e  o f  a c t iv a te d  
a d s o rp tio n  s e t s  in  a t ,  and above, t h i s  te m p e ra tu re
(3 0 0 °c \ ) .
The e f f e c t  o f  th e  a d d i t io n  o f  sm all 
p ro p o r tio n s  o f  hydrogen to  th e  m ethanol vapour i s  
i n t e r e s t i n g .  5% ap p ears  to  g iv e  th e  maximum e f f e c t ,  
when th e  a c t i v i t y  o f  th e  c a t a ly s t  i s  c o n s id e ra b ly  
in c re a se d  (T ab les  x v in an d  XIX ) .  F u r th e r  a d d i t io n s  
have a  tendency  to  reduce th e  a c t i v i t y .  When th e  
s u r fa c e  o f  th e  c a ta ly s t  i s  swept w ith  n i t r o g e n  a t
36o° c/
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360°C ., how ever, th e  a c t i v i t y  i s  a g a in  r a i s e d ,  and to  
a h ig h e r  f ig u re  th a n  b e fo re  th e  a d d i t io n  o f  hydrogen 
(T able XIX ) .
That th e r e  i s  no d i f f e r e n c e ,  t o  a l l  i n t e n t s  
and p u rp o ses , in  r e s u l t s  when th e  r e a c t io n  i s  c a r r i e d  
out in  th e  p re sen ce  o f  ex cess  carbon  monoxide i s  
s u r p r i s in g ,  f i r s t ,  from t h e o r e t i c a l  re a s o n in g  pu t 
fo rw ard  on p . 112 , and se co n d ly , from th e  d i f f e r e n c e  
in  amounts o f  carbon  monoxide and hydrogen a d so rb a b le  
by th e  c a t a l y s t  a s  shown e x p e rim e n ta lly  by Bumford, 
( p r iv a te  com m unication). However, a s  h as  a lre a d y  
been su g g es ted  in  th e  d is c u s s io n  o f  th e  r e s u l t s  o f 
t h i s  s e r i e s  o f  t e s t s ,  i t  i s  h ig h ly  p ro b a b le  t h a t  a s  
th e  e q u ilib r iu m  c o n s ta n t i s  so g r e a t ,  any d i f f e r e n c e s  
betw een th e  e f f e c t s  o f  hydrogen and carbon  monoxide 
on th e  r e a c t io n  would n o t be n o t ic a b le  w ith  th e  
a p p a ra tu s  u sed  under th e  e x p e rim e n ta l c o n d i t io n s .
The v a r i a t io n  in  r e a c t io n  r a t e  w ith  gas 
v e lo c i ty  g iv e s  r i s e  to  s p e c u la t io n .  The r e s u l t s  o f  
S e r ie s  IV and V t e s t s  p o in t  to  th e  c o n c e n tr a t io n  o f 
m ethanol in  th e  gas s tream  a s  h av in g  a s  im p o rta n t an 
e f f e c t  on th e  r e a c t io n  a s  th e  gas v e lo c i ty  i t s e l f .
They show th a t  th e  gas v e lo c i ty  r e q u ir e d  t o  r e a c h  th e  
maximum decom position  r a t e  i s  d i r e c t l y  p ro p o r t io n a l  to  
th e /
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th e  c o n c e n tra t io n  o f  i n e r t s  p r e s e n t .  In  view  o f 
th e s e  r e s u l t s  i t  i s  su g g e s te d  t h a t  th e  d e f i n i t i o n  o f  
th e  a c t i v i t y  o f  a  c a t a l y s t  a t  a  p a r t i c u l a r  te m p e ra tu re  
sh o u ld  be b ased  on th e  maximum r e a c t io n  r a t e  p o s s ib le ,  
a s  t h i s  i s  dependent o n ly  on th e  te m p e ra tu re -  The 
norm al d e f in i t io n  o f  c a t a l y s t  a c t i v i t y  i s  g iv en  a s  
a  p e rc e n ta g e , e .g .  p e rc e n ta g e  change in  r e a c t a n t s ,  
and t h i s  a p p l ie s  on ly  when c o n d it io n s  o f  c o n c e n tr a t io n  
and r e a c t io n  v e lo c i ty  a re  s p e c i f i e d ,  a t  a  p a r t i c u l a r  
te m p e ra tu re .
The r e s u l t s  su g g est t h a t  form aldehyde i s  
a b y e-p ro d u c t o f  th e  d eco m p o sitio n , r a t h e r  th a n  an 
in te rm e d ia te  p ro d u c t (a s  in d ic a te d  by o th e r  w orkers 
p re v io u s ly  m en tio n ed ). Support o f  t h i s  view  i s  
g iven  by P e y tr a l  (Compt. R en d ., 1917, 1 6 5 , 7 0 3 ) , w ith  
experim en ts on th e  decom position  o f  m ethanol in  a 
p la tin u m  tu b e  a t  1150°C. I t  was found t h a t  w ith  
in c re a s e d  r a t e s  o f  f lo w , th e  r a t i o  CO : HCHO d e c re a s e s , 
su g g e s tin g  t h a t  th e  p ro d u c tio n  o f  form aldehyde and  th e  
decom position  o f  m ethanol a re  n o t s im u lta n eo u s  r e a c t io n s .
I t  was p o s tu la te d  on p . 73 t h a t  a t  
te m p e ra tu re s  below  about 300°C m ethanol was decomposed 
to  form aldehyde and hydrogen o n ly , and t h a t  th e  
decom position  co u ld  n o t p ro ceed  f u r th e r  a t  a  te m p e ra tu re  
below /
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below w hich form aldehyde was i t s e l f  was n o t decomposed 
to  carbon monoxide and h yd rogen . T h is i n f e r s  t h a t  
form aldehyde can be h y d ro g en ated  to  form m eth an o l, o r  
th a t  a  c o n tin u a l c i r c u l a t i o n  o f  m ethanol and th e  r e a c t io n  
p ro d u c ts  o ver th e  c a t a l y s t  a t  th e s e  te m p e ra tu re s  w i l l  
r e s u l t  in  th e  com plete decom position  o f  m ethanol to  
form aldehyde and hydrogen . There i s ,  so f a r ,  no 
ex p e rim en ta l ev idence  to  su p p o rt th e s e  in f e r e n c e s .
W ith re g a rd  to  th e  v a r i a t io n  in  a c t i v i t y  o f  
th e  c a t a ly s t  d u rin g  u s e ,  i t  i s  p o s s ib le  t h a t  th e  
c a t a ly s t  i s  s t i l l  u n d erg o in g  r e d u c t io n .  G arner and 
V eal ( J .C .S . ,  1935* 1487) s t a t e  t h a t  a d s o rp tio n  o f  
hydrogen and carbon  monoxide on Zn/Cr ty p e  c a t a l y s t s  
i s  a slow  p ro c e s s , and t h a t  in  g e n e ra l ,  th e  g ases  
d i f fu s e  in to  th e  f in e  c a p i l l a r i e s  in  th e  i n t e r i o r  of 
th e  c a t a l y s t  g r a in s ,  and may c o n tin u e  to  do so fo r  
many h o u rs  b e fo re  e q u ilib r iu m  betw een th e  i n t e r i o r  
and e x t e r io r  o f  th e  c a t a l y s t  mass i s  re a c h e d . T h is  
re a so n in g  a p p l ie d  to  th e  p ro c e s s  o f  r e d u c t io n  may 
account f o r  th e  slow  r i s e  in  th e  a c t i v i t y  o f  th e  
c a ta ly s t  d u rin g  th e  f i r s t  few h o u rs  o f  u s e .  But i t  
does no t e x p la in  th e  f a l l  in  a c t i v i t y  w hich fo llo w s  
t h i s  r i s e ,  no r does i t  accoun t f o r  th e  e f f e c t  o f  th e  
a d d i t io n  o f  sm all p ro p o r tio n s  o f  hydrogen o r  carb o n  
monoxide/
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monoxide to  th e  m ethanol vapour in  c o n ta c t  w ith  th e  
c a t a l y s t .  F u rth erm o re , c a t a l y t i c  a c t i v i t y  i s  a lm ost 
e n t i r e ly  a su r fa c e  phenomenon, th e  r e a c t io n s  in  th e  
p re s e n t c ircu m stan ces  ta k in g  p la c e  in  a  v e ry  s h o r t  
space o f t im e . The v a r i a t io n  in  c a t a l y t i c  a c t i v i t y  
ex p e rien ced  in  S e r ie s  VI t e s t s  ( p . 101) ap p ea r t o  be 
g r e a te r  th a n  can be acco u n ted  f o r  by th e  slow 
p e n e tr a t io n  o f  hydrogen o r  carbon  monoxide (o r  b o th )  
in to  th e  i n t e r i o r  o f  th e  c a t a l y s t  m ass.
I t  i s  p o s s ib le  t h a t  th e  a c t i v i t y  o f  th e s e  
c a ta ly s t s  i s  c e n tre d  on th e  in t e r f a c e  betw een a r e a s  
o f  v a ry in g  d eg rees  o f  r e d u c t io n ,  s a y , A and B,
A b e in g  reduced  to  B. N ote: th e  r e d u c t io n  r e f e r r e d
to  i s  no t th e  r e d u c t io n  from th e  o x id is e d  s t a t e  
(ye llow  c o lo u r ) ,  b u t a  f u r th e r  r e d u c t io n  w hich p ro ceed s  
a f t e r  th e  l a t t e r  o x id is e d  s t a t e  h as  been red u ced  by 
m ethanol to  th e  s ta n d a rd  red u ced  (g reen  c o lo u r)  s t a t e  
(see  "R eduction  o f  C a ta ly s ts " ,  p .  4 8 ) .  As r e d u c t io n  
p ro cee d s , A d ec re a se s  and B in c r e a s e s ,  th e  in t e r f a c e  
betwe.en th e  two in c re a s in g  from ze ro  u n t i l  i t  i s  
maximum when A and B a r e  e q u a l. R ed u c tio n  s t i l l  p ro ­
ceed in g , A d e c re a se s  and B in c r e a s e s ,  u n t i l  on ly  B 
rem a in s , th e  in t e r f a c e  f a l l i n g  to  z e ro .  The a c t i v i t y ,  
b e in g  dependent on t h i s  i n t e r f a c e ,  w i l l  r i s e  and f a l l  
a c c o rd in g ly /
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a c c o rd in g ly . T h is  h y p o th e s is ,  how ever, ta k e s  no 
account o f  th e  e f f e c t  o f  sm a ll a d d i t io n s  o f  hydrogen 
o r carbon  monoxide to  th e  r e a c t in g  m ethano l.
C rax fo rd  and R id e a l ( J .C .S . ,  1939* p . 1604) 
have r e c e n t ly  su g g e s ted  th a t  th e  F isc h e r-T ro p s c h  
p ro c e s s  f o r  th e  s y n th e s is  o f  hyd rocarbons from  w a te r-  
g a s , w ith  c o b a l t / t h o r i a  c a t a l y s t s ,  in v o lv e s  th e  
fo llo w in g  s t e p s : -
(a ) C h em i-so rp tio n  o f  carbon  monoxide,
Co + CO —^ Co-CO
(b) R eduction  o f  chem isorbed carbon  monoxide by 
hydrogen w ith  th e  fo rm a tio n  o f  w a te r .
Co-CO + H2 —» Co-C + HgO.
(c )  R eduction  o f  c a rb id e  to  chem isorbed  m ethylene 
g ro u p s,
Co-C + Hg—* Co-CH2 .
I f  space i s  a v a i la b le  on th e  s u r fa c e  f o r  chem isorbed  
hydrogen , t h i s  removes th e  m ethylene g roups a s  m ethane, 
which o ccu rs  in  th e  i n i t i a l  s ta g e s  o f  th e  s y n th e s is  
( i . e .  s t a r t i n g  w ith  f r e s h ly  reduced  c a t a l y s t ) .  I f  
th e r e  i s  l i t t l e  chem isorbed hydrogen on th e  c a t a l y s t ,  
th e  m ethylene g roups a s s o c ia te  to  form m acro -m o lecu les, 
w hich a re  th e n  d is ru p te d  to  form lo n g  o r s h o r t  ch a in  
hyd ro carb o n s, th e  le n g th  o f  th e  c h a in  b e in g  d e te rm in ed  
by /
-  1 3 2  -
by th e  amount o f  chemisorbed. hydrogen p re s e n t  on th e  
s u r f a c e .
There i s  th u s  a  ten d en cy  f o r  th e  s u r fa c e  to  
become covered  w ith  c a rb id e ,  w ith  a  c o rre sp o n d in g  f a l l  
in  a c t i v i t y .  The c a t a l y s t  i s  r e a c t iv a te d  by r e d u c t io n  
w ith  hydrogen a t  s y n th e s is  te m p e ra tu re  (19 5° C .) .
When t h i s  hydrogen i s  r e p la c e d  by w a te r -g a s ,  th e  
r e a c t io n  p ro d u c ts  f o r  th e  f i r s t  few h o u rs  a re  carbon  
d io x id e  and m ethane, fo llo w ed  by norm al s y n th e s is  
p ro d u c ts  (H ering ton  and Woodward, T ra n s . F araday  S o c ., 
1939, 35, 958).
The fo rm a tio n  o f  carbon  d io x id e  s u g g e s ts  t h a t  
th e  chem isorbed carbon  monoxide i s  red u ced  by f u r t h e r  
carbon  m onoxide: -
(d ) Co-CO + CO — » Co-C + C02 .
F is c h e r  and T ropsch  (G es. Abh. K enntn . K ohle, 1930, 10 , 
313 •) have shown t h a t  c a rb id e  i s  b u i l t  up on th e  c a t a l y s t  
d u rin g  th e  s y n th e s is ,  w h ile  d u rin g  th e  r e a c t i v a t i o n  a t  
s y n th e s is  te m p e ra tu re  w ith  hydrogen , la r g e  am ounts o f  
methane a re  form ed.
I t  i s  p o s s ib le  t h a t  s im i la r  ch e m iso rp tio n  o f 
hydrogen and carbon  monoxide ta k e s  p la c e  in  th e  ca se  o f  
Zn/Cr ox ide c a t a l y s t s  u se d  f o r  th e  d ecom position  o f  
m ethano l. No ev idence  was o b ta in e d  o f  th e  fo rm a tio n  o f 
hy d ro carb o n s/
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hydrocarbons h ig h e r  th a n  m ethane, how ever, showing 
t h a t  a s te p  s im i la r  to  (c )  does n o t ta k e  p la c e .  I t  has 
been observed  th ro u g h o u t th e  t e s t s  t h a t  th e  ca rbon  
d io x id e  form ed i s  alw ays in  ex cess  o f  th e  m ethane. 
M oreover, on th e  f i r s t  a d d i t io n  o f  hydrogen th e r e  i s  a 
d ec rease  in  th e  amount o f  carbon  d io x id e  p ro d u ced , and 
an in c re a s e  in  th e  m ethane. There i s  a  te n d en cy , 
however, f o r  b o th  th e s e  g a se s  to  in c re a s e  w ith  th e  
amount o f  hydrogen added (see  S e r ie s  V ).
In view o f  th e  mechanism p u t fo rw ard  by 
C raxfo rd  and R id e a l ( lo c .  c i t . ) ,  to g e th e r  w ith  th e  
above o b s e rv a tio n s , i t  i s  re a s o n a b le  t o  assume t h a t  
ch em iso rp tio n  o f  th e  carbon  monoxide ta k e s  p la c e  on th e  
c a t a l y s t ,  r e s u l t i n g  in  d im in ish ed  a c t i v i t y .  As th e  
amount o f  t h i s  ch e m iso rp tio n  in c r e a s e s ,  l a r g e r  p ro p o r t io n s  
o f  hydrogen r e q u ir e  t o  be added t o  remove th e  chem isorbed  
carbon  monoxide, w ith  th e  c o n tin u e d  d e p o s it io n  o f 
c a rb id e , u n t i l  e v e n tu a l ly  th e  e n t i r e  s u r fa c e  i s  co v ered  
w ith  c a rb id e , and r e q u i r e s  r e a c t iv a t io n  u n d er o th e r  
c o n d i t io n s .
I t  h a s  been  observed  t h a t  th e  amounts o f  
carbon  d io x id e  and m ethane form ed in c re a s e  w ith  th e  
p ro p o rtio n  o f  hydrogen added. T h is  i s  p o s s ib ly  due to  
th e  fo llo w in g  r e a c t io n s  ta k in g  p la c e
( i )  CO/
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( i )  CO + 31*2 * CH4 +
( i i )  CO + HgO -  C02 + ^
The s im i la r  e f f e c t  o f  th e  a d d i t io n  o f  carbon  
monoxide on th e  m ethanol decom position  i s  r e a d i ly  
ex p la in e d  on th e  assum ption  t h a t  c a rb id e  fo rm a tio n  in  
a  manner analogous to  r e a c t io n  (d ) ta k e s  p la c e  on th e  
c a t a l y s t .
From th e  fo re g o in g , th e r e f o r e ,  i t  i s  p o s s ib le  
t h a t  th e  c a ta ly s t  a c t i v i t y  i s  c e n tre d  on th e  in t e r f a c e  
between a re a s  o f  chem isorbed ca rbon  monoxide o r hydrogen , 
a re a s  o f  c a rb id e  fo rm a tio n  and d eso rbed  a r e a s ;  b u t in  
th e  l i g h t  o f  p re s e n t know ledge, i t  i s  im p o ss ib le  to  
advance a th e o ry  w hich would e x p la in  s a t i s f a c t o r i l y  a l l  
th e  r e s u l t s  o b ta in e d  f o r  t h i s  p a r t i c u l a r  c a s e .
I t  has a lre a d y  been su g g e s te d  t h a t  th e  
anomalous te m p e ra tu re  e f f e c t s  ex p e rie n c e d  w ere due to  
com plete a d s o rp tio n  o f  m ethanol on th e  c a t a l y s t  p r io r  
to  deco m p o sitio n . The a tte m p ts  to  m easure q u a l i t a t i v e l y  
t h i s  a d s o rp tio n  show t h a t  a t  l e a s t  two s te p s  a r e  in v o lv e d  
in  th e  r e a c t io n
(a )  Delay in  appearance  o f  decom position  p ro d u c ts , 
accom panied by te m p e ra tu re  r i s e .
(b ) A ppearance o f  decom position  p ro d u c ts ,  fo llo w ed  by 
te m p e ra tu re /
-  135 -
tem p era tu re  d rop .
The r i s e  in  te m p e ra tu re  i s  th o u g h t t o  be due t o  th e  h e a t 
o f  a d s o rp tio n  o f  m ethano l, and th e  subsequen t f a l l  t o  be 
due to  th e  h e a t o f  d eco m p o sitio n . I f  d ecom position  
o ccu rred  im m ediately  on c o n ta c t  o f  th e  m ethanol w ith  th e  
c a t a l y s t ,  i t  i s  th o u g h t t h a t  no r i s e  in  te m p e ra tu re  would 
be ex p e rien ced , a s  a c t iv a te d  a d s o rp tio n  i s  a k in  to  a  m ild  
chem ical r e a c t io n  o n ly , and hence th e  h e a t o f  a d s o rp tio n  
would be co m p le te ly  masked by th e  h e a t o f  d eco m p o sitio n . 
S ince a r i s e  in  te m p e ra tu re  i s  e x p e rie n c e d , fo llo w ed  by 
a f a l l ,  i t  i s  obvious t h a t  th e r e  i s  an i n t e r v a l  o f  tim e  
between th e  c o n ta c t  o f  th e  m ethanol w ith  th e  c a t a l y s t ,  
and i t s  deco m p o sitio n , i . e .  th e  s te p s  a s  su g g e s te d  above. 
I t  i s  th e r e f o r e  su g g es ted  t h a t  th e  m ethanol i s  co m p le te ly  
adso rbed  fo r  an a p p re c ia b le  tim e  on th e  s u r fa c e  o f  th e  
c a t a ly s t  p r io r  to  deco m p o sitio n .
I t  h a s  been  shown t h a t  th e  g r e a t e r  th e  m ethanol 
c o n c e n tra t io n  in  th e  gas s tre a m , th e  s m a lle r  i s  th e  sp a c e -  
v e lo c i ty  r e q u ir e d  t o  o b ta in  maximum d eco m p o sitio n  r a t e .
I f ,  a s  su g g e s ted , com plete a d s o rp tio n  o f  m ethanol o cc u rs  
on th e  c a ta ly s t  s u r fa c e ,  th e n  i t  would be e x p e c te d  t h a t  
t h i s  a d s o rp tio n  would be o f  a  g r e a t e r  o rd e r  w ith  in c re a s e d  
m ethanol c o n c e n tra t io n , and hence i t  i s  p ro b a b le  t h a t  
in c re a se d  r e a c t io n  r a t e  w i l l  r e s u l t .  Thus, f o r  maximum 
r e a c t io n /
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r e a c t io n  r a t e ,  th e  c a ta ly s t  s u r fa c e  must be s a tu r a te d  
w ith  m ethano l.
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PART I I .
DECOMPOSITION OF FORMALDEHYDE AT ATMOSPHERIC PRESSURE.
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INTRODUCTORY.
F r o l ic h ,  Fenske and o th e r s  (se e  In tro d u c tio n )  
w orking on th e  decom position  o f  m ethanol by Zn/Cr 
c a t a l y s t s  o f  th e  ty p e  u se d  in  th e  fo llo w in g  ex p e rim en ts , 
found t h a t  a c o n s ta n t amount o f  form aldehyde was 
o b ta in e d  in  th e  decom position  p ro d u c ts , and pu t 
fo rw ard  a  ’ s te p w is e ’ th e o ry  to  account f o r  i t : -
CH,OH — » HCHO +
kCO + Bg.
I f  t h i s  be th e  co u rse  o f  th e  r e a c t io n ,  th e n  
i t  sh o u ld  be p o s s ib le  to  s tu d y  th e  mechanism more 
f u l l y  by o b se rv in g  th e  decom position  o f form aldehyde 
u n d e r s im i la r  ex p e rim en ta l co n d itio n s*  W ith t h i s  
in  v iew , th e  fo llo w in g  ex p erim en ts  on th e  decom position  
o f  form aldehyde were c a r r ie d  o u t .
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CHAPTER XL.
PRELIMINARY WORK.
P ro d u c tio n  o f  Form aldehyde.
P u re , d ry  form aldehyde cannot he o b ta in e d  by 
th e  f r a c t i o n a l  d i s t i l l a t i o n  o f  fo rm a lin  s o lu t io n ,  as  th e  
vapour p re s s u re  o f  w a te r in  an  aqueous s o lu t io n  o f  
form aldehyde i s  low er th a n  t h a t  o f  th e  fo rm aldehyde. A 
method o f  p ro d u c tio n  was a tte m p te d  in  w hich th e  m ix tu re  
o f  form aldehyde and w ater vapour was p assed  th ro u g h  a 
tu b e  c o n ta in in g  a c t iv a te d  ca rb o n , and th e  form aldehyde 
o b ta in e d  from t h i s  by  h e a t in g  and p a s s in g  a  c u r r e n t  o f  
n i t r o g e n  th ro u g h  i t .  This method was a f a i l u r e  as th e  
amount l i b e r a t e d  from th e  c h a rc o a l su b se q u e n tly  was 
n e g l ig ib le .  D ropping fo rm a lin  s o lu t io n  on to  anhydrous 
ca lc ium  c h lo r id e  in  a  s tream  o f  n i tro g e n  was a l s o  a 
f a i l u r e .
P arafo rm aldehyde a s  a  so u rce  o f  form aldehyde was 
more p ro m isin g , b u t th e r e  was one g r e a t  draw back, nam ely, 
t h a t  th e  paraform aldehyde c o n ta in s  w a te r  which canno t be 
d r iv e n  o f f  by  o rd in a ry  m ethods. A ttem pts to  remove t h i s  
w a te r  by h e a t in g  w ith  qu ick lim e to  abou t 150°C. in  a 
c u r r e n t  o f  n i t r o g e n  were f a i l u r e s .  More d r a s t i c  methods 
w ere n o t  employed due to  th e  danger o f  decom position , and 
a ls3  to  th e  la c k  o f  tim e a v a i l a b le .  The w ate r c o n te n t 
c o u ld /
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could, n o t "be red u ced  below  about 9% even a f t e r  p ro longed  
h e a t in g  a t  150°C. T h is  f ig u r e  i s  in  agreem ent w ith  a 
fo rm u la  o f (CHgO)^. 1^0 f o r  parafo rm ald eh y d e . No m ention 
o f t h i s  com position  can  be found in  th e  l i t e r a t u r e .
Form aldehyde was th e r e f o r e  produced  by p a s s in g  
a c u r r e n t  o f  n i tro g e n  o v er h e a te d  parafo rm ald eh y d e , which 
has p re v io u s ly  been s to r e d  o ver q u ick lim e .
E x p erim en ta l C o n d itio n s .
The c o n d itio n s  o f  th e  m ethanol decom position  
were rep roduced  as f a r  as p o s s ib le .  The c a ta l y s t s  v a r ie d  
in  co m p o sitio n  from 1 8 .8  mol^ Zn. to  77 mol% Z n ., t h i s  
range  in c lu d in g  th o s e  h av in g  c h a r a c te r i s t ic  p r o p e r t ie s  f o r  
th e  m ethanol decom position  (p .  68 f i g .  XI ) # The sam ples 
were o f  5 c o s . each , and had been f r e s h ly  red u ced  fo r  th e  
d ecom position  o f m ethanol a t  300, 36O and 400°C. ( p .  7 7 ) .
The ap p a ra tu s  was e s s e n t i a l l y  th e  same, excep t 
t h a t  th e  p r e h e a te r  was exc luded  in  o rd e r  to  have as s h o r t  
a  p assag e  as p o s s ib le  betw een th e  v a p o r is e r  and c a t a l y s t .
The m ethanol v a p o r is e r  was d isp en sed  w ith , th e  p a ra fo rm a ld e ­
hyde b e in g  in  powder form . Crushed ic e  and w ate r re p la c e d  
a lc o h o l and s o l i d  carbon  d io x id e  as th e  condensing  medium.
A n a ly s is  o f  P ro d u c ts .
The l i q u i d  r e a c t io n  p ro d u c ts  were f r a c t io n a te d
i n /
in  a  s p e c ia l ly  c o n s tru c te d  f r a c t io n a t io n  u n i t  of 
ap p ro x im ate ly  5 c c s .  c a p a c ity ,  shown in  f i g .  35 f o l l o w i n g .
COPPER/EUREKA
THERMOCOUPLE
-ASBESTOS
LAGGING
^WIRE CONTINUED 
TO SUPPORT ROD
P i g . 3 5 .  F r a c t i o n a l  D i s t i l l a t i o n  U n i t .
The column i s  o f  th e  D ufton ty p e , a c lo se  s p i r a l  o f  copper
w ire  wound on a g la s s  ro d , and lag g ed  w ith  a s b e s to s  c o rd .
T em peratu res were r e a d  by means o f  a  Cu/Eureka therm ocouple ,
p re v io u s ly  c a l i b r a t e d .  To m inim ise d i s t i l l a t i o n  lo s s e s ,
th e  condenser was f i t t e d  on to  th e  s id e -a rm , w h ile  warming 
th e  column p r io r  to  d i s t i l l a t i o n  g r e a t ly  reduced  th e
ten d en cy  to  f lo o d in g .
T h is /
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T h is u n i t  worked v ery  s a t i s f a c t o r i l y ,  a  sharp  
f r a c t io n a t io n  b e in g  o b ta in e d .
P ro d u c ts  o th e r  th a n  th o s e  e s tim a te d  and 
an a ly sed  a re  o b ta in e d , as judged  by th e  sm ell o f  b o th  
l i q u i d  and gaseous p ro d u c ts , b u t as t h e i r  p ro d u c tio n  does 
no t c o n s t i tu t e  th e  main decom position  r e a c t io n s ,  th e y  were 
co n seq u en tly  n e g le c te d . They a re  p re s e n t  in  such sm all 
q u a n t i ty  as to  make a n a ly s is  im p o ss ib le .
Only v e ry  sm all t r a c e s  o f  m ethyl fo rm ate  were 
found , and th e r e f o r e  w ere o m itted  from th e  c a lc u la t io n s .  
The l i q u i d  p ro d u c ts  gave no r e a c t io n  w ith  I 2 and NaOH, 
showing t h a t  iodo ftra  p ro d u c in g  su b s ta n ce s  were a b s e n t .  No 
u n s a tu ra te d  compounds were found in  th e  l i q u i d  r e a c t io n  
pro  d u c ts .
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CHAPTER X I I .
EXPERIMENTAL.
SERIES I  .
EFFECT OF TEMPERATURE AND CATALYST COMPOSITION ON THE REACTION. 
C o n d i t i o n s :
C a t a l y s t s ,  c o m p o s i t io n  1 8 .8  mol^& t o  77 molfi Zn.
T e m p e r a tu re s ,  2 5 0 ,  290 and 360°C .
R a t e ,  a p p r o x .  2 gms. i n  4 l i t r e s  N g /h r .  e n t e r i n g .
R e s u l t s ,  T ab le  X X I .
T a b le  X X I .  T e m p e ra tu re  and c a t a l y s t  c o m p o s i t io n  v a r y i n g .
b a t . Temp. Dcomp CH-OH M eth. Dcomp g a s e s ,  % v o l
Compn
M ol^
Zn.
C. % V frm te  .
°/o U2
CO O n s a t . UU2
1 250 26 30 - - 47 - 33 2 0
l a . 8 290 98 37 - - 74 1 19 5
360 1 0 0 t r e e . t r e e . 45 48 2 5 -
250 97 24 0 . 8 _ 73 — 23 4
11.5 290 99 32 - 18 68 2 12 -
360 1 0 0 - - 47 45 1 6 1
250 18 7 - - 10 — 43 47
>8 . 8 290 1 0 0 28 0 . 6 21 63 2 12 2
360 1 0 0 - - 49 40 2 8 1
250 t r e e — - t r a c 33 Of C( 2 o n ly
72.8 290 98 28 0 . 8 19 64 1 14 2
360 10 0 - - 46 42 2 8 2
250 t r e e . - - t r a c 03 Of C( 2 o n ly
7 7 .0 290 n - - It »« f ft
360 95 2 $ t r e e . 17 57 1 20 5
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I t  w i l l  be seen  from f i g .  36 t h a t  a t  360°C. 
and 290°C. th e  decom position  i s  com plete , th e  com position  
o f  th e  c a t a l y s t  h av in g  no e f f e c t  on th e  amount o f  
form aldehyde decomposed, ex cep t in  th e  case o f  c a t a l y s t s  
o f  h ig h  z in c  c o n te n t .
n , 75
5 0
u i
a;
Q- 25
•25o°c:
O 25 5 0
M O L. PER CENT ZN.
75 IOO
F i g . 3 6 .  E f f e c t  o f  t e m p e r a t u r e  and  c a t a l y s t  
c o m p o s i t io n  on th e  fo rm ald eh y d e  
d e c o m p o s i t io n .
I t  i s  i n t e r e s t i n g  to  compare t h i s  w ith  th e  decom position  
o f  m ethanol u n d er s im i la r  c o n d i t io n s (  aee p . 81 f i g .  17 ) .  
At 250°C ., how ever, th e  e f f e c t  o f  c a t a l y s t  com position  i s  
n o t ic e a b le ,  th e  most a c t iv e  in  t h i s  case  c o n ta in in g  about 
38 t o  40 mol% Zn.
M ethyl a lc o h o l m oreover, i s  a  p ro d u c t o f  th e  
deco m p o sitio n /
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d e c o m p o s i t i o n  o f  f o r m a l d e h y d e  a t  t h e  l o w e r  t w o  
t e m p e r a t u r e s  ( f i g .  3 7  ) ,  a n d  t h a t  i t s  f o r m a t i o n  i s  
p r o m o t e d  b y  c h r o m iu m .
5 0
25
25 5 0
MOL. PER CENT ZN.
IOO
F i g . 3 7 .  E f f e c t  o f  t e m p e r a tu r e  and c a t a l y s t  
c o m p o s i t io n  on m e th a n o l  f o r m a t io n .
I t  i s  su g g e s ted  th a t  t h i s  compound i s  form ed due to  
th e  fo llo w in g  r e a c t io n s  ta k in g  p la c e
( i )  HCHD — » CO + ^
( i i )  HCHO + H2 —^CH^OH.
T h is th e o ry  i s  su p p o rte d  by th e  com position  o f  th e  gaseous 
p ro d u c ts , where th e r e  i s  a  la rg e  ex cess  o f  CO, and 
p r a c t i c a l l y  no
W ater a ls o  ap p e a rs  t o  be a p ro d u c t o f  th e
r e a c t io n /
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r e a c t io n ,  a s  i t  i s  p re s e n t  in  l a r g e r  q u a n t i t i e s  th a n  
co u ld  p o s s ib ly  be p re s e n t  in  th e  paraform aldehyde u sed  
f o r  g e n e ra tin g  fo rm aldehyde. The amount form ed a ls o  
ap p ea rs  to  v a ry  w ith  th e  te m p e ra tu re  o f  th e  r e a c t io n  
( f i g .  39).A
The la rg e  p ro p o r tio n  o f  m ethanol form ed a t  
360°C. by th e  c a t a ly s t  c o n ta in in g  77 mol% Zn. i s  
ex p la in e d  by th e  f a c t  t h a t  th e  a c t i v i t y  o f  th e  
c a t a ly s t  i s  low , and th e  r e s u l t s  a re  b ased  on th e  amount 
o f  form aldehyde decomposed. I t  i s  a ls o  e x p la in e d  by 
supposing  th a t  f o r  each  c a t a l y s t  th e r e  i s  a  te m p e ra tu re  
o f  maximum m ethanol fo rm a tio n  w hich i s  dependent on 
th e  a c t i v i t y  o f  th e  c a t a l y s t ,  th e  g r e a te r  th e  a c t i v i t y  
o f  th e  c a t a l y s t ,  th e  low er th e  te m p e ra tu re  a t  w hich 
maximum m ethanol fo rm a tio n  o c c u rs . Thus th e  r e s u l t s  
a t  J>60°C f o r  th e  ca ta ly s t c o n ta in in g  77 molfe Zn. 
co rresp o n d  w ith  th o se  o f  o th e r  c a t a l y s t s  (more a c t iv e )  
a t  low er te m p e ra tu re s .
G en e ra lly  a t  }6 0 °C ,, th e  r e s u l t s  in d ic a te  
t h a t  th e  r e a c t io n  i s  a  s tr a ig h tfo rw a rd  decom position  
in to  CO and to g e th e r  w ith  s id e - r e a c t i o n s . C02 ,
CH4 and gaseous u n s a tu ra te d  compounds a re  form ed to  a 
g r e a t e r  e x te n t  th a n  in  th e  m ethanol deco m p o sitio n , and 
a r e  fav o u red  by low te m p e ra tu re s , where th e  c a t a l y t i c  
a c t i v i t y /
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a c t i v i t y  i s  low .
I t  i s  e v id e n t from th e  r e s u l t s  t h a t  th e  
mechanism o f  th e  form aldehyde decom position  changes 
betw een 250  and 360°C ., th e  fo rm a tio n  o f  m ethanol 
in s te a d  o f  CO b e in g  th e  main r e a c t io n  up to  about 
3 00°C . (depend ing  on th e  a c t i v i t y  o f  th e  c a t a l y s t ) ,  
fo llo w ed  by th e  decom position  in to  CO and I ^ .  a s  
th e  te m p e ra tu re  in c re a s e s  f u r th e r  ( f i g .  39 ^ )
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SERIES I I  .
EFFECT OF TEMPERATURE ON THE REACTION.
C o n d itio n s :
C a ta ly s t ,  com position  4 1 .5  raol%  Zn.
Tem perature ra n g e , 200 -  360°C.
R a te , ap p ro x . 2 gms. in  4 l i t r e s  N2/ h r .  e n te r in g .  
R e s u l ts ,  T able XXII.
T able XXII. T em perature ran g e ; C a ta ly s t  com position  
4 1 .5  molfo Zn.
fremp. Dcomp
fo
CH,0H H?0 Meth. 
f rm te . 
%
D ecom position g a s e s , % v o l .
V •
% CO U n sa t. C02 ch4
225 - - - - t r a c e s CO and C02 0 l l y .
240 23 16 29 - - 4 - 43 53
260 69 6 36 - 63 - 31 6
280 87 V>4 00 - 16 68 5 9 2
300 99 32 - - 13 64 14 5 4
330 99 18 - - 29 47 2 15 6
360 100 - - - 44 47 1 6 2
F ig .  38 in d ic a te s  t h a t  below a  c e r t a in
te m p e ra tu re  th e  c a t a l y s t  i s  i n a c t iv e .  T h is  i s  s im i la r  
t o  th e  m ethanol decom position  ( see p . 71 f i g .  13 ) ,  
b u t th e  minimum " a c t iv e '1 te m p e ra tu re  i s  about 7 0 ° low er 
f o r  fo rm ald eh y d e .
1 4 9
0  75
0 5 0
200 2 4 0 2 8 0 3 2 0 3 6 0
TEMPERATURE. DEG.C.
J i g . 3 8 .  E f f e c t  o f  t e m p e r a tu r e  on th e  
fo rm ald eh y d e  d e c o m p o s i t io n .
The change in  mechanism o f  th e  r e a c t io n  i s  
e v id e n t from f i g s .  39 and 40 m ethanol p ro d u c tio n  
r i s i n g  w ith  te m p e ra tu re  to  a maximum a t  ahout 280°C.
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5 0
2 5 25
200 2 4 0i 2 8 0
TEMPERATURE. DEG. C.
320 3 6 0
f i g . 3 9 .  E f f e c t  o f  r e a c t i o n  t e m p e r a tu r e  on 
d e c o m p o s i t io n  p r o d u c t s .
A ll  t h e  c a t a l y s t s  w i l l  e x h i b i t  t h i s  
c h a r a c t e r i s t i c ,  b u t  t h e  p o s i t i o n  o f  t h e  c u r v e  o f  d e c c iE p o s it ic a i  
t e m p e r a t u r e  w i l l  v a r y  w i t h  c a t a l y t i c  a c t i v i t y .
As p re v io u s ly  s t a t e d ,  w a te r  i s  a ls o  a  p ro d u c t 
o f  th e  r e a c t io n  a t  low er te m p e ra tu re s . I t  i s  p o s s ib le  
t h a t  i t  i s  formed e i t h e r  by th e  h y d ro g en a tio n  o f  two 
m o lecu les o f  form aldehyde by one o f  hydrogen, w ith  th e  
fo rm a tio n  o f  w a te r , m ethane and carbon  m onoxide,or by th e  
d eh y d ra tio n  o f  two o r more m olecu les o f  form aldehyde, 
w ith  th e  fo rm a tio n  o f  gaseous u n s a tu ra te d  hydrocarbons 
and /
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and w a te r .  There was no ap p a re n t d e p o s itio n  o f  carbon  
on th e  c a t a l y s t ,  and th e  f a l l  in  a c t i v i t y  o ver a  lo n g  
p e r io d  o f  u se  i s  v e ry  much l e s s  th a n  would b e  ex p ec ted  
i f  carbon  w ere d e p o s ite d  on th e  c a ta ly s t  s u r f a c e .
The w a te r  ap p e a rs  in  th e  r e a c t io n  p ro d u c ts  
up to  th e  te m p e ra tu re  a t  which hydrogen a p p e a rs , i . e .
abou t 280°C ( f i g s .  39 and 40 ) .  Thus a  r e a c t io n
such  a s  th e  fo llo w in g  ap p ea rs  t o  be prom oted by low
te m p e ra tu re : -
C0 + = CH4 + HgO.
At low te m p e ra tu re s , i t  i s  seen  t h a t  carbon  d io x id e  and 
m ethane p redom inate  in  th e  gaseous p ro d u c ts .  F u r th e r ­
more, th e  mechanism changes betw een about 250°C. and 
500°C from th e  p ro d u c tio n  o f  w a te r  to  th e  p ro d u c tio n  
o f  m ethanol.
F ig .  40 fo llo w in g  w hich i l l u s t r a t e s  th e  
v a r i a t io n  in  th e  gaseous r e a c t io n  p ro d u c ts  w ith  r e a c t io n  
te m p e ra tu re , b e a rs  ou t th e  su g g es ted  r e a c t io n  f o r  th e  
fo rm a tio n  o f  m ethano l.
-  1 5 2  -
i o o
75
>- 5 0
25
200 240 2 8 0
TEMPERATURE. DEG. C.
320
F i g .4 0 .  E f f e c t  o f  r e a c t i o n  t e m p e r a tu r e  on 
d e c o m p o s i t io n  p r o d u c t s .
No l i q u i d  p ro d u c ts  o th e r  th a n  w ater, m ethyl 
fo rm ate  and m ethanol co u ld  be i d e n t i f i e d .  The l i q u i d  
p ro d u c t g iv e s  no r e a c t io n  w ith  io d in e  and c a u s t i c  so d a , 
in d ic a t in g  th a t  iodofo rm -producing  compounds a re  a b s e n t .  
F u rth e rm o re , i t  does no t d e c o lo r is e  brom ine w a te r , 
showing t h a t  on ly  gaseous u n s a tu ra te d  compounds a re  
form ed d u rin g  th e  decom position  o f  form aldehyde. Only 
t r a c e s  o f  m ethyl fo rm ate  were found . As p re v io u s ly  
s t a t e d  how ever, compounds o th e r  th a n  th o se  a lre a d y  
m entioned a r e  p r e s e n t ,  a s  ev idenced  by th e  odour o f  
th e  r e a c t io n  p ro d u c ts , b o th  l i q u i d  and g aseo u s . T h is  
sm e ll/
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sm e ll i s  v e ry  s im i la r  to  t h a t  o f  th e  m ethanol decomposition 
p ro d u c ts  O 6 0 ° C .) ,  and becomes more marked a s  th e  
r e a c t io n  te m p e ra tu re  i s  r a i s e d .
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SERIES I I I .
EFFECT OF CO AND Hg ON THE DECOMPOSITION.
C o n d i t i o n s : -
C a t a l y s t ,  c o m p o s i t io n  4 1 .5  1110I 56 Zn.
T e m p e ra tu re s ,  2 5 0 ,  290 and  360°C .
R a t e ,  a p p r o x .  2 gms. i n  4 l i t r e s / h r .  e n t e r i n g .
R e s u l t s ,  T a b le s  X X I I I  a n d  XXIV.
(A) Hp E f f e c t .
T ab le  X X I I I  . E f f e c t  o f  h y d ro g e n ;  C a t a l y s t  c o m p o s i t io n  
4 1 .5  m ol$  Zn.
*  H2 ad d ed .
Temp
°C
Dcomp.
£
CH,0H
* 3
£ e th
frm te
£
H„0 Dcomp. g a s e s ,  $  v o l .
H2 CO U n s a t . c o 2 ch4 .
N i l . 250 90 23 - 7 12 66 2 20 -
10 0 250 60 20 - 20 - 65 - 29 6
n 290 99 36 - 9 68 3 15 4
n 360 1 0 0 - - - r o t  aj l a l y s e d .
The r e s u l t s  g iv e n  i n  t h e  f o l l o w i n g  form show more c l e a r l y  t h e  
e f f e c t  o f  h y d ro g en  on t h e  r e a c t i o n ( t a b l e s  a ,  b )
T a b le  a .  D e c o m p o s i t io n .
250°C . 290°C . 3 60°C .
No. H2 90$ Dcomp. 99$ Dcomp. 10Qf$ Dcomp.
io o £  h 2 60# « 99^ " 100J& '•
Tali l e  b .  M ethano l p r o d u c t i o n .
250°C. 290°C . 360°C .
No. H2 23j6 MeOH 32$ CH30H No CH30H.
10056 h 2 205g " 36$ » 11 it
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In  g e n e ra l ,  th e  p re sen ce  o f ex cess  hydrogen 
makes i t s e l f  f e l t  on ly  in  c u t t in g  down th e  decom position  
a t  250°C ,andno t a t  ah ah o v e  thih temperature. T here i s  
n o t ,  how ever, th e  a n t ic ip a te d  in c re a s e  in  th e  amount o f  
form aldehyde co n v e rted  to  m ethano l. T h is  g iv e s  r i s e  to  
th e  su g g e s tio n  t h a t  th e  hydrogen l i b e r a t e d  from  th e  
decomposing form aldehyde i s  in  th e  n a sc e n t o r  a c t iv e  
s t a t e ,  and on ly  by re a so n  o f  i t s  g r e a te r  a c t i v i t y  can 
i t  reduce  form aldehyde to  m ethanol u n d er th e  p r e v a i l in g  
e x p e rim en ta l c o n d i t io n s .  T h is  does n o t mean, however, 
t h a t  i t  i s  im p o ss ib le  to  h y d rogenate  form aldehyde to  
m ethanol w ith  hydrogen u n d er o th e r  c o n d i t io n s .
(B) CO E f f e c t .
T ab le  XXIV • E f fe c t  o f  Carbon monoxide; C a ta ly s t
com position  4 1 .5  mol^ Zn.
io 66 
added
Temp.
°C.
Dcomp.
1*
CH-tOH
H
M eth.
frm te
fo
h2o .
fo
Decomp. g ases °/o v o l .
*2J CO U n sa t. co2 ch4
N il 250 90 22 - 1 0 10 71 3 11 5
100 250 62 22 - 4 8 42 38 8
N 290 100 32 - 15 18 39 26 2
n 360 100 - - - 48 33 2 15 2
A s/
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As ta b u la te d  below , th e  r e s u l t s  show more 
c l e a r ly  th e  e f f e c t  o f  carbon  m onoxide.
T a b l e  C . D e c o m p o s i t io n .
250°C . 290°C . 260° C.
No CO 90% Dcomp. 99% Dcomp. 100% Dcomp.
100% CO 61% " 99% " 100% "
Tat>le d . M ethanol p ro d u c tio n .
2 S0 °C . 290°C. 360°C.
No CO 23% MeOH 32% ch3oh No CH^ OH
100% CO 22% " 32% " h  n
These r e s u l t s  show t h a t ,  f o r  a l l  p r a c t i c a l  
p u rp o se s , th e r e  i s  no d if fe re n c e  in  th e  e f f e c t s  o f  
hydrogen and carbon  monoxide on th e  r e a c t io n .  But ex cess  
carbon  monoxide r e s u l t s  in  th e  fo rm a tio n  o f  gaseous 
u n s a tu ra te d  h y d ro carb o n s, e .g .
100% ___C02 29%. U n sa t. n i l ,  C0 , 65%,H2 nil*,CH4  6%
100% CO . . .  C02 38% " 42%, CO 8% * ^  4%, CH4  8%)
100% ^  . . .  C02 15% U n sa t. 3%, CO 69%,Hp 9%/ CEL 4% )
* * 5290^
100% CO . . .  C0 2 27% " 39%, CO 18%*H2 14%, CH4  2% )
(No/
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(No liq u id , u n s a ts .  d e te c t a b le . )
N o te : I t  i s  p ro b ab le  t h a t  th e  f ig u re s  fo r  CO ( f  ) and
th o se  f o r  (£  ) a re  on ly  approx im ate , a s  th e y  a re  
o b ta in e d  by d i f f e r e n c e .  I t  i s  c la im ed , how ever, t h a t  
th e y  d i f f e r  to o  w idely  from th e  norm al v a lu e s  a t  th e s e  
te m p e ra tu re s  t o  be due t o  ex p e rim en ta l e r r o r .
I t  i s  p ro b ab le  th a t  f o r  fo rm a tio n  o f  gaseous 
u n s a tu ra te d  hydrocarbons i s  due to  F isc h e r-T ro p sc h  
r e a c t io n s  ta k in g  p la c e ,  f o r  a lth o u g h  th e  amount o f  
m ethanol form ed i s  n o t a l t e r e d ,  th e  amount o f  CO form ed 
in  th e  decom position  i s  g r e a t ly  d im in ish ed . As th e r e  
a re  no u n s a tu ra te d  compounds p re s e n t  in  th e  l i q u id  
p ro d u c ts , and th e s e  l i q u i d  p ro d u c ts  do n o t g iv e  th e  
iodoform  t e s t ,  i t  i s  p ro b ab le  t h a t  th e  fo rm a tio n  o f 
gaseous u n s a tu ra te d  compounds i s  due to  a  sim ple  ty p e  o f  
F isc h e r-T ro p sc h  r e a c t io n  ta k in g  p la c e .
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SERIES IV.
EFFECT OF RATE OF REACTION ON TEE DECOMPOSITION. 
C o n d itio n s :
C a ta ly s t ,  com position  4 1 .5  mol% Zn.
T em peratu re , 250°C.
V arying  v o l a t i l i s a t i o n  te m p e ra tu re  o f  parafo rm ald eh y d e . 
R e s u l ts ,  T able XXV.
T able XXV. . R eac tio n  r a t e ;  T em perature 250°C .,
C a ta ly s t  com position  4 1 .5  mol^ Zn.
HCHO 
e n te r  
g m /h r.
Dcomp
gm/hr
ch7oh CELOH
gm /hr.
H~0
21°
D ecom position ga s e s ,  i» v o l .
% CO U n sa t. co2 ch4
0 .77 0 .5 4 8 0 .0 4 23 - 67 - 24 9
1 .01 0 .8 0 8 0 .06 36 - 83 - 6 11
2 .12 1 .00 14 0 .1 5 42 - 61 - 33 6
2 .80 1 .66 12 0 .2 0 37 3 62 - 31 4
3-74 2.37 21 0 .49 27 9 64 - 25 2
4.73 2 .0 3 6 0.13 49 5 78 - 13 4
6.80 3 .2 5 15 0 .4 8 40 9 65 - 23 3
I t  was a ttem p ted  to  in c re a s e  th e  r a t e  o f  e n try  
o f  th e  form aldehyde to  th e  c a t a l y s t  by in c re a s in g  th e  
flow  o f  n i t r o g e n .  T h is  method was no t s u c c e s s fu l ,  a s  
t r e b l i n g  th e  gas r a t e  r e s u l t e d  in  on ly  a  501° in c re a s e  in  
th e  r a t e  o f  v o l a t i l i s a t i o n .  The r a t e  was th e r e f o r e  • 
in c re a s e d /
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in c re a se d  by r a i s i n g  th e  te m p e ra tu re  o f th e  
p arafo rm aldehyde, th e  gas r a t e  b e in g  m a in ta in ed  c o n s ta n t .
F ig .  41 shows th a t  th e  r a t e  o f  decom position  
in c re a s e s  w ith  th e  r a t e  o f  e n try  o f  fo rm aldehyde. No 
l im i t in g  r a t e  was found in  th e  range o f  experim en ts  
c a r r ie d  o u t .  T h is  d i f f e r s  from th e  r e s u l t s  in  th e  
ca se  o f  m ethanol where th e  amount decomposed, and th e  
amount o f  form aldehyde form ed, re a c h e s  a maximum, 
c o n s ta n t v a lu e  ( see p .  88 f i g .  21 & p .  93 f i g .  23 )
H C IO  DECOMPOSED 
CH*OH FO RM ED
?om2m
HCHO ENTERING. GM/HR
F i g .4 1 .  E f f e c t  o f  r e a c t i o n  r a t e  on th e  
fo rm a ld eh y d e  d e c o m p o s i t io n .
F ig . 41 a ls o  shows t h a t  th e  r a t e  o f  m ethanol fo rm a tio n  
in c re a s e s  w ith  th e  r a t e  o f  form aldehyde e n try .  T h is  
i s  much more g ra d u a l th a n  th e  r a t e  o f  decom position , 
showing th a t  th e r e  i s  an in c re a s in g  tendency  fo r  
fo rm aldehyde/
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form aldehyde to  decompose to  carbon monoxide and 
hydrogen in  p re fe re n c e  to  undergo ing  re d u c t io n  to  
m ethano l. T h is  i s  f u r th e r  su p p o rted  by f i g .  42 
which shows t h a t  th e  p ro p o r tio n  o f  form aldehyde 
co n v e rted  to  m ethanol does no t in c re a s e  beyond a 
c e r t a in  f i g u r e .
5 0 5 0
Hj O j FO R M ATIO N  
C H ^IH|
TEMPERATURE 25O0 C.
25
HCHO ENTERING. GMMR
F i g . 4 2 .  E f f e c t  o f  r e a c t i o n  r a t e  on 
d e c o m p o s i t io n  p r o d u c t s .
( I t  w i l l  be n o tic e d  th a t  th e  w ate r fo rm a tio n  i s  
a f f e c te d  in  a  s im i la r  manner t o  th e  m ethanol fo rm a tio n  
by th e  r a t e  o f  e n t r y . )  T h is  ap p ea rs  to  su p p o rt th e  
r e a c t io n  su g g e s te d  p re v io u s ly  f o r  the  
fo rm a tio n  o f  m ethano l, i . e .  th e  m ethanol i s  formed 
by a  secondary  r e a c t io n .
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CHAPTER X III
DISCUSSION OF THE RESULTS OF DECOMPOSITION
OF FORMALDEHYDE.
The r e s u l t s  show th a t  o ver Zn/Cr c a t a l y s t s  
o f  th e  type  u se d  in  th e  fo re g o in g  experim en ts  th e  
decom position  o f  form aldehyde i s  v ery  much f a s t e r  th a n  
th e  decom position  o f  m ethanol u n d er s im ila r  c o n d i t io n s .  
Indeed , th e  r a t e  o f  decom position  o f  form aldehyde a t  
250°C i s  s im ila r  to  t h a t  o f  m ethanol a t  3 60°C. As th e  
decom position  r a t e  o f  th e  fo rm er i s  so much g r e a t e r ,  i t  
i s  n o t to  b e  ex p ec ted  t h a t  ev id en ce  o f  th e  co u rse  o f  
th e  m ethanol decom position  w i l l  be fo rthcom ing  from t h i s  
s e r i e s  o f  t e s t s .  In  a number o f  in s ta n c e s ,  how ever, th e  
r e s u l t s  a r e  in t e r e s t i n g .
The most no tew orthy  i s  th e  fo rm a tio n  o f  m ethanol 
d u rin g  th e  decom position ; i t s  p ro d u c tio n  in d ic a t e s  th a t  
secondary  r e a c t io n s  ta k e  p la c e .  I t s  mode o f  fo rm a tio n  
h a s  a lre a d y  been  su g g ested , a lth o u g h  i t  i s  a ls o  p o s s ib le  
t h a t  i t  may be formed a s  fo llo w s
2HCH0 « CH^ OH + CO.
I f  i t  w ere form ed in  t h i s  manner i t  would be ex p ected  
t h a t  i t s  fo rm a tio n  would in c re a s e  w ith  th e  r a t e  o f  
d eco m p o sitio n , b u t  t h i s  i s  n o t so , th e  amount o f  fo rm a ld e ­
hyde c o n v e rte d  to  m ethanol re a c h in g  a l im i t in g  f ig u re  
( s e e /
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(sea  f i g .  42 , p .  160 ) .
The f a l l  in  t h i s  m ethanol p ro d u c tio n  a s  the 
tem p era tu re  in c re a s e s  above 300°C le n d s  f u r th e r  su p p o rt 
to  th e  th e o ry  p u t fo rw ard  f o r  i t s  fo rm a tio n , a s  a t  t h i s  
tem p era tu re  m ethanol s t a r t s  to  decompose (see  f i g .  13 
P . 71 )•
The f a i l u r e  to  in c re a se  the  y ie ld  o f  m ethanol 
by c a rry in g  o u t the  r e a c t io n  in  an  atm osphere o f  hydrogen 
i s  i n t e r e s t i n g .  I t  was ex p ec ted  th a t  as  i t  was formed 
by a secondary  r e a c t io n ,  the  ex cess  hydrogen would co n v e rt 
a  f u r th e r  amount o f  form aldehyde t o  m ethanol. This 
a p p a re n tly  does n o t  o cc u r, due, as has been  su g g e s te d , to  
c o n v e rs io n  p ro ceed in g  on ly  by  the  hydrogen w hich i s  
l i b e r a t e d  in  an  ac tive  form d u rin g  th e  decom position .
T h is , coup led  w ith  th e  f a i l u r e  to  hydrogenate  under 
p re s s u re  (PART I I I ) ,  i s  f a i r l y  co n c lu s iv e  t h a t  c a ta ly s t s  
o f  th e  type u sed  in  t h i s  work are  u n s u ita b le  f o r  th e  
h y d ro g e n a tio n  o f  fo rm aldehyde.
In  co n n ec tio n  w ith  th e  fo rm a tio n  o f  w a te r  d u rin g  
th e  decom position  o f  fo rm aldehyde, i t  i s  o f  i n t e r e s t  to  
n o te  t h a t  f i g . 42( p .160) in d ic a te s  t h a t  i t  i s  a l s o  formed 
by a  secondary  r e a c t io n .
The s i m i l a r i t y  o f  e f f e c t  o f  carbon  monoxide and 
hydrogen  upon th e  d ecom position  i s  in t e r e s t i n g ,  b e in g  
n o t ic e a b le  o n ly  a t  250°C. Above t h i s  th e  r a te  o f  r e a c t io n  
ap p e a rs  to  be to o  f a s t  t o  be a f f e c te d .
The/
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The r e s u l t s  o f  th e  a d d i t io n  o f  carbon  monoxide 
d u rin g  th e  r e a c t io n  in d ic a te  th a t  t h i s  a d d i t io n a l  carbon  
monoxide r e a c t s  w ith  th e  decom position  p ro d u c ts  o f  
form aldehyde to  form u n s a tu ra te d  and o th e r  compounds, 
p a r t i c u l a r l y  carbon  d io x id e  and methane (See T ab le  XX/p ) .
I t  was though t t h a t  the  c a t a l y s t s  most a c t iv e  
f o r  th e  m ethanol decom position  would a ls o  p rove the  
most a c t iv e  f o r  th e  form aldehyde decom position , b u t a t  
te m p e ra tu re s  a t  w hich th e  r e a c t io n  i s  slow enough to  be 
a f f e c t e d  by th e  com position  o f  th e  c a t a l y s t ,  i t  has 
been  found th a t  t h i s  i s  n o t so , a  c a t a l y s t  c o n ta in in g  
more chromium b e in g  th e  most a c t iv e  in  th e  l a t t e r  c a se . 
(C f.f ig .3 7  p . 145and  f i g . 11 p . 6 8 ) . C a ta ly s ts  o f  h ig h  
chromium c o n te n t  a r e  g e n e ra l ly  more a c t iv e  in  decomposing 
form aldehyde th a n  th o se  o f  h ig h  z in c  c o n te n t. T h is  
m ight have been ex p ec ted , a s  in  th e  ex p erim en ts  o f  
P a r t  I  i t  was found t h a t  c a t a l y s t s  o f  h ig h  z in c  c o n te n t 
prom oted i t s  fo im a tio n . (F ig . 12 p . 69 ) .
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PART I I I .
HIQH PRESSURE EXPERIMENTS.
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CTTAP TCP X IV .
INTRODUCTORY
The experim en ts  a re  d iv id e d  in to  th r e e  groups
( i )  A ttem pted  s y n th e s is  o f form aldehyde from 
carbon  monoxide and hydrogen .
( i i )  A ttem pted  s y n th e s is  o f  m ethanol from th e  
same g a s e s .
( i i i )  A ttem pted  h y d ro g en a tio n  o f form aldehyde to  
m ethyl a lc o h o l .
The American w orkers ( s e e  In tro d u c tio n )  have shown 
by t h e i r  ex p erim en ts  t h a t  th e  decom position  o f  m ethanol 
and i t s  s y n th e s is  und er p re s s u re  a re  p a r a l l e l  r e a c t io n s ,  
th e  decom position  method p ro v in g  a sim ple  means o f  s tu d y ­
in g  th e  r e a c t io n .  The experim en ts on th e  decom position  
o f  form aldehyde (PART I I )  in d ic a te d  t h a t  th e  c a t a l y s t s ,  
w ith  one o r  two e x c e p tio n s , were v ery  a c t iv e  in  decomposing 
form aldehyde a t  te m p e ra tu re s  much low er th an  th o se  re q u ir e d  
f o r  th e  decom position  o f m ethano l. T h is , coup led  w ith  th e  
f in d in g s  o f  th e  A m ericans, le d  to  th e  b e l i e f  t h a t  under 
m o d ified  ex p e rim en ta l c o n d i t io n s ,  i t  sh o u ld  be p o s s ib le  to  
s y n th e s is e  form aldehyde d i r e c t l y  from carbon  monoxide and 
hydrogen .
The ex p erim en ts  o f  PART I  in d ic a te d  t h a t  m ethanol
w as/
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was decomposed a t  te m p e ra tu re s  in  th e  re g io n  o f  360°C, 
and th e  Am erican w orkers have shown t h a t  w ith  s im i la r  
te m p e ra tu re s , m ethanol can he s y n th e s is e d  u n d er h ig h  
p re s s u re s  from carbon  monoxide and hydrogen . On t h i s  
b a s i s  i t  was b e l ie v e d  t h a t  th e  c o n d itio n s  most s u i t a b le  
f o r  th e  s y n th e s is  o f  form aldehyde would be h ig h  p re s s u re s  
o f  th e s e  g ases  in  t h e o r e t i c a l  p ro p o r tio n s  a t  te m p e ra tu re s  
n o t exceed ing  300°C, t h i s  b e in g  th e  low est te m p e ra tu re  a t  
w hich m ethanol s t a r t s  to  decompose a t  a tm ospheric  p re s s u re ,  
even w ith  th e  most a c t iv e  o f  th e  c a t a l y s t s  u sed  ( se e  
f i g .  13, p .  7 1 ) .  F u rth e rm o re , th e  r e a c t io n  C0+ H^HCHD 
p ro ceed s  w ith  a  sm a lle r  volume change th a n  th e  r e a c t io n  
CO + 2H2 = CH^OH, and th e re fo re  i t  was assumed t h a t  p re s s u re s  
low er th a n  th o se  re q u ir e d  fo r  th e  m ethanol s y n th e s is  were 
d e s i r a b l e . .
As th e  experim en ts  on th e  form aldehyde de­
co m p o sitio n  had in d ic a te d  t h a t  a t  th e s e  te m p e ra tu re s  th e  
most a c t iv e  c a t a l y s t  was one c o n ta in in g  about 40 nol% Zn, 
a  c a t a l y s t  o f  com position  n e a re s t  to  t h i s  (4 1 .5  mol^ Z n.) 
was u sed  a t  th e s e  te m p e ra tu re s .
D e s c r ip t io n  o f  A p p a ra tu s .
The r e a c t io n  chamber i s  a  p ie c e  o f a l lo y  s t e e l  
tu b in g  9" lo n g  x 3 /1 6 "  i . d .  x  11 / 1 6 " o .d . ,  w ith  l e n s - r in g  
j o i n t s /
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j o i n t s .  The ap p a ra tu s  i s  shown in  f i g .  43 fo llo w in g .
F i g . 4 3 .  A p p a ra tu s  u sed  f o r  a t t e m p te d  
s y n t h e s i s  o f  fo rm a ld e h y d e .
The therm ocouple h o t ju n c tio n  i s  t i e d  w ith  a sb e s to s  
s t r i n g  on to  th e  o u ts id e  o f  th e  tu b e , in s u la te d  from 
th e  s t e e l  by a la y e r  o f M ic o n ite . The d e t a i l s  a re  shown 
in  f i g .  44 o v e r le a f .
F i g . 4 4 .  A t ta c h m e n t  o f  th e rm o co u p le  to  
r e a c t i o n  cham ber.
The gas flow  i s  r e g u la te d  by means o f an I . C . I .  ty p e
(Pfrt.p.vi)
f in e -a d ju s tm e n t valve^, p re s s u re  b e in g  c o n tro l le d  by 
a n o th e r  on th e  i n l e t  s id e  o f  th e  a p p a ra tu s . The r e a c t io n  
p ro d u c ts  a re  c o l le c te d  a t  a tm ospheric  p re s s u re  in  th e  
r e c e iv in g  s id e  o f  th e  u su a l a tm o sp h e ric -p re ssu re  
a p p a ra tu s  ( f i g .  4 , p . 53 ) .  F ar th e  s to ra g e  o f  th e  
mixed g a s e s , a  h ig h  p re s s u re  a u to c la v e  was u se d , th e  
m ixing b e in g  e f f e c te d  by means o f  copper p ad d les  a t ta c h e d  
to  th e  s t i r r i n g  s h a f t  ( f i g .  45 q v e r le a f ) .
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CHAPTER XV.
EXPERIMENTAL' TESTS.
SERIES I .
ATTEMPTED SYNTHESIS OF FORMA T.nEHYDE
FROM CARBON MONOXIDE AND HYDROGEN.
The r e s u l t s  and c o n d itio n s  o f  th e  ex p erim en ts
a re  g iven  in  T ab les  XXVI and XXVII.
T able XXVI. ; C a ta ly s t  com position  4 1 .5  mol^ Z n ., 
volume > 4 .5  c c s .
Temp. 
° C .
P re s s 0 
l b / in  .
CO :Hp 
r a t i o .
R ate 
l t r / h r  
a tm os. 
p r e s s .
HCHO. 
p ro d .
220 600 1 :1 20 t r a c e .
11 900 II 11 it
260 it II n it
300 900 ft it it
260 n 1 :2 11 n
it 600 n it it
220 900 n it n
300 900 it it it
220 1800 11 n 11
300 1800 it it it
350 •t it it M
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Table XXVII .C a ta ly s t  com position  77 m o l fo  Z n .,
volume -  4 .5  c c s .
Temp. P r e s s ,  
l b /  i n .
CO :H, 
r a t i o .
R a te , 
l t r / h r . 
a tm o s. 
p r e s s .
HCHO. 
p ro d .
0 0 1300 1 :2 15 t r a c e .
350 n it II it
330 1800 1 :4 20 11
N ote: The t r a c e  o f  form aldehyde formed in  a l l  th e s e
ex p erim en ts  i s  o f  th e  o rd e r  o f  1 mg. o f  
form aldehyde p e r  h o u r.
To a l l  i n t e n t s  and p u rposes th e r e  i s  no 
d if f e re n c e  in  th e  amount o f  form aldehyde p roduced  in  
s p i t e  o f  th e  w id e ly  v a ry in g  c o n d i t io n s .  I t  i s  p o s s ib le  
t h a t  th e s e  r e s u l t s  a re  due to  ( i )  th e  c a t a l y s t  b e in g  
much l e s s  a c t iv e  f o r  th e  s y n th e s is  th a n  f o r  th e  
d eco m p o sitio n , o r ,  s in c e  th e  a p p a ra tu s  was n o t co p p e r- 
l in e d ,  ( i i )  to  th e  i n h ib i t in g  e f f e c t  o f  th e  s t e e l  o f  th e  
r e a c t io n  cham ber. A decom position  t e s t  on form aldehyde 
showed th a t  th e  a c t i v i t y  o f  th e  c a ta ly s t  f o r  t h a t  
r e a c t io n  was u n im p a ired  a f t e r  th e  fo reg o in g  t e s t s  und er 
p r e s s u r e .
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SERIES I I .
THE ATTEMPTED SYNTHESIS OF MF.THAWnT.
FROM CARBON MONOXIDE AND HYDROGEN.
C o n d itio n s : -
C a ta ly s t  co m p o sitio n , 68 .8  molfc Zn.
C a ta ly s t  volum e, 4 .5  c c s .
O p era tin g  p r e s s u r e ,  1500 l b / i n 2 .
Tem perature ran g e , }00  t o  360°C.
C O : ^  1 : 2 .
Gas r a t e ,  4 t o  10 l i t r e s / h r .  a t  a tm ospheric  p re s s u re  and 
room te m p e ra tu re .
In  a l l ,  fo u r  a tte m p ts  were made t o  s y n th e s is e  
m ethano l, and in  a l l  c a se s  th e  r e s u l t s  were n e g a tiv e , 
a lth o u g h  th e  e q u ilib r iu m  und er th e  ex p e rim en ta l 
c o n d i tio n s  fa v o u rs  a  co n v ers io n  in  th e  o rd e r  o f  75^» 
w hich means t h a t  w ith  th e  amount o f  c a t a ly s t  em ployed, 
th e  r a t e  o f  p ro d u c tio n  shou ld  have been about 2 to  3 c c s .  
o f  l i q u i d  m ethanol p e r  h o u r.
One experim ent was c a r r ie d  out in  a  h ig h  
p re s s u re  a u to c la v e  o f  l £  l i t r e s  c a p a c i ty .  The c o n d itio n s  
were a s  f o l lo w s :-
C a ta ly s t  co m p o sitio n , 6 8 .8  mol^ Zn.
C a ta ly s t  volum e, 15 c c s .
P re s s u re ,  1200 l b / i n 2 .
T em pera tu re , 3^5°C .
Time/
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Time, 1 hou r a t  345°C.
COiHg 1:2.
The c a t a l y s t  was h e ld  in  a copper gauze b a sk e t w hich 
was t i e d  to  th e  a u to c la v e  s t i r r i n g  s h a f t .  The r e a c t in g  
g ases  were in tro d u c e d  when th e  te m p e ra tu re  in  th e  
au to c la v e  was 250°C, and th e  a g i t a t o r  s t a r t e d  a t  th e  
same tim e . A gain , no l i q u i d  p ro d u c t was o b ta in e d , 
though  th e  e q u ilib r iu m  fav o u rs  ap p ro x im ate ly  60% 
co n v e rs io n  a t  th e  te m p e ra tu re  and p re s s u re  em ployed. 
That some r e a c t io n  had ta k e n  p la c e  was e v id e n t from 
th e  r e s id u a l  g a s , w hich, b e s id e s  carbon  monoxide and 
hydrogen , c o n ta in e d  5# m ethane, carbon  d io x id e  and 
2% u n s a tu ra te d  compounds.
As su g g ested  p re v io u s ly , th e s e  n e g a tiv e  
r e s u l t s  may be due e i t h e r  to  th e  m eta l o f  th e  r e a c t io n  
chamber e x e rc is in g  an in h ib i t in g  e f f e c t  on th e  
r e a c t io n ,  o r  to  th e  c a t a l y s t  b e in g  much l e s s  a c t iv e  
f o r  th e  s y n th e s is  th a n  f o r  th e  decom position .
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SERIES I I I .
THE ATTEMPTED HYDROGENATION OF FORMALDEHYDE TO METHANOL.
Two methods were employed.
(a ) S ta t i c  method in  a u to c la v e .
(B ) " s in g le  p assag e"  method in  a p p a ra tu s  shown in  
f i g . 43 (p 167 ) .
(a ) C o n d itio n s :
P re s su re  o f  1200 l b / i n 2 .
Weight o f  paraform aldehyde in  a u to c la v e , 25 gms. 
T em perature, 300°C.
Time o f  t e s t ,  1 h o u r.
C a ta ly s t  co m p o sitio n , 4 1 .5  mol% Zn, and 6 8 .8  molfc Zn. 
C a ta ly s t  volum e, 5 c c s .  and 15 c c s .  r e s p i r a t o r y .
Two t e s t s  were c a r r i e d  o u t ,  th e  f i r s t  w ith  a 
sm a ll volume o f  th e  c a t a l y s t  most a c t iv e  f o r  th e  
decom position  o f  form aldehyde, and th e  second  w ith  a 
la rg e  volume o f  th e  c a t a l y s t  most a c t iv e  f o r  th e  m ethanol 
d eco m p o sitio n . In  th e  f i r s t  ca se  no l i q u i d  p ro d u c t was 
o b ta in e d , th e  paraform aldehyde becoming co m p le te ly  c h a rre d , 
and in  th e  second  a  s l i g h t  amount o f  l i q u i d  was o b ta in e d  
to g e th e r  w ith  a  g r e a t  deal, o f  c h a rre d  p arafo rm aldehyde.
T h is  l i q u i d  was found to  be ap p ro x im ate ly  10# m ethanol 
and/
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and 90% w a te r , ( th e  w eight o f  l iq u id  was 3 gm s.) T h is  
meant t h a t  on ly  abou t 1% o f  th e  form aldehyde had been 
co n v e rted  to  m ethano l, w h ile  th e  e q u ilib r iu m  fa v o u rs  
com plete co n v e rs io n . The r e s id u a l  gas c o n ta in e d  in  
b o th  c a se s  about 6% carbon  d io x id e  and 2% m ethane, 
to g e th e r  w ith  t r a c e s  o f  carbon  monoxide and u n s a tu ra te d
h y d ro ca rb o n s . 7^6 ^  -  4
~  S ’ /7 3
( B ) " s in g le  p assag e"  flow  method.
C o n d itio n s :
C a ta ly s t  co m p o sitio n , 68 .8  mol% Zn.
C a ta ly s t  volume, 4 .5  c c s .
T em pera tu res, 300 and 340°C.
P re s s u re ,  1800 l b / i n 2 .
Gas r a t e ,  8 l i t r e s / h r .  a t  a tm ospheric  p re s s u re  and room 
te m p e ra tu re .
Form aldehyde r a t e ,  6 gm s/h r.
R e s u l ts ,  T ab le  XXVIII.
T able XXVDI H ydrogenation  o f  form aldehyde.
T8P P r e s sl b / i n
Vapor­
i s i n g
g a s .
C a t . C o n v e r t . L i q u i d
prod
c o l o u r C0 g%
i n  r e s .  
g a s .
300 1800 H2 u s e d .
90 3 . 7 L t . b r n . 1 2
u It n 2 It 65 2 .5 d a r k e r 13
340 ft h 2 II 74 3 .0 D k .b rn . 10
w If
H2 n i l . 33 1 .8 L t . b r n . 2
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The l i q u i d  p ro d u c t o b ta in ed  in  th e  above 
experim en ts was ap p ro x im ate ly  o f  th e  same com position  
f o r  each  t e s t .  The a n a ly s is  i s  a s  fo l lo w s :-
The re s id u e  was a  dark  brown, o i ly  l i q u i d ,  n o t m is c ib le  
w ith  w a te r , hav ing  a  sw eet, m u s ta rd - lik e  sm e ll, and de­
composing on d i s t i l l a t i o n  a t  a tm ospheric  p r e s s u r e .  The 
is s u in g  g ases  c o n ta in , b e s id e s  hydrogen , m ain ly  carbon  
d io x id e , w ith  on ly  s l i g h t  t r a c e s  o f  carbon  monoxide, 
m ethane and u n s a tu ra te d  h y d ro carb o n s.
th e  a p p a ra tu s  does n o t le n d  i t s e l f  to  a c c u ra te  work, 
and hence no m ass-balance  i s  p o s s ib le . The method o f  
v o l a t i l i s a t i o n  o f  parafo rm aldehyde i s  n o t co m p le te ly  
s a t i s f a c t o r y ,  a s  th e r e  i s  a  tendency  f o r  th e  p a ra fo rm a ld e ­
hyde to  b lo c k  up th e  tu b e , and a ls o  to  e n te r  th e  c a ta ly s t  
space  a t  to o  g r e a t  a  speed  a t  th e  b eg in n in g  o f  th e  
ex p e rim en t. The id e a l  method i s  to  have th e  gas p a s s in g  
o v er th e  parafo rm aldehyde co n ta in e d  in  a  p o t ,  so  t h a t  
o n ly  gaseous form aldehyde i s  c a r r i e d  o v er.
m e r is a t io n ,  a s  i t  i s  e v id e n t t h a t  th e  r e a c t io n  i s  one o f  
p y r o ly s i s /
M ethyl fo rm ate
M ethyl a lc o h o l __
W ater (up to  100°C) 
R esidue (o v er 100°C)
64% by volum e. 
18% " "
6% "  "
12% "  "
The r e s u l t s  a re  n e c e s s a r i ly  ap p ro x im ate , a s
The c a t a l y s t  ap p ears  on ly  to  in c re a s e  th e  p o ly -
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p y r o ly s is  r a th e r  t han one o f  h y d ro g en a tio n . A f te r  
th e s e  ex p erim en ts  th e  c a ta ly s t  was found to  he 
th ic k ly  covered  w ith  a  c h a rre d , brown d e p o s i t .
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CHAPTER XVI
DISCUSSION OF THE RESULTS OF THE HIGH 
PRESSURE EXPERIMENTS.
The r e s u l t s  a re  s in g u la r ly  d isa p p o in tin g  in  a l l  c a s e s . 
The f a i l u r e s  o f  S e r ie s  I and II  may, a s  has been  
s ta te d ,  he due to  th e  in f lu e n c e  o f  th e  c o n s tru c t io n a l  
m a te r ia l  o f  th e  a p p a ra tu s , o r  to  c a t a l y t i c  a c t i v i t y ,  
a lth o u g h  th e  c a t a l y s t s  employed have p re v io u s ly  been 
p roved  to  be a c t iv e  f o r  decom position  e x p e rim en ts . I t  
i s  d i f f i c u l t  to  f in d  therm odynam ical re a so n s  f o r  th e s e  
f a i l u r e s ,  as  under th e  ex p e rim en ta l c o n d i tio n s  th e  
r e a c t io n s  a re  therm odynam ically  p o s s ib le .  (See C hap ter 
VI , p . 2 8 ).
W ith re g a rd  to  S e r ie s  I I I  , th e  r e s u l t s  prove 
th a t  under th e  c o n d itio n s  employed, form aldehyde te n d s  
to  p o ly m erise  r a th e r  th a n  h y d ro g en a te . I t  h a s  been  
found t h a t  a lth o u g h  m ethyl a lc o h o l can b e  o b ta in e d  from 
form aldehyde, th e  amount cannot be in c re a se d  by h y d ro ­
g e n a tio n  a t  a tm o sp h eric  p re s s u re  (P a r t  I I ) .  I t  was 
ex p e c ted  th e r e f o r e ,  t h a t  a s  no a p p re c ia b le  q u a n t i ty  o f  
m ethy l fo rm ate  was produced u n d er th o se  c o n d it io n s , th e  
a p p l ic a t io n  o f  p r e s s u re s  en co u n te red  in  th e  u s u a l  
m ethano l s y n th e s is  would le a d  to  more h y d ro g en a tio n , b u t  
a s  th e  r e s u l t s  show, t h i s  i s  n o t so .
A/
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A c o n s id e ra tio n  o f  f re e -e n e rg y  d a ta  in d ic a te s  
t h a t  form aldehyde i s  much more l i k e ly  to  p o ly m erise  
th a n  h y d ro g en ate  under th e  ex p erim en ta l c o n d i t io n s .
R eac tio n
A F.
250°C 300°C KP*250°C 300°C
(1 )  HCHOfH2 = CE^OH
(2 )  2HCH0 = HCOOCH^
-5000  -5000 
•23400 -30400
1 .2 x l0 2 9 .8x10 
6 .6 x l0 9 4x1011
From th e s e  f ig u re s  and th e  re a so n in g  p u t fo rw ard  in  
C hap ter VI , th e  r e s u l t s  o f  th e  a tte m p t to  h y d ro g en ate  
form aldehyde a re  n o t s u r p r i s in g .
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PART IV.
THE DESIGN OF A SMALL EXPERIMENTAL HIGH PRESSURE 
CIRCULATORY PLANT FOR HIGH TEMPERATURE GAS REACTIONS.
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FOREWORD.
Thanks a re  due to  J .  A rn o t t ,  E s q .,  F . I .C . ,  
o f  M essrs G. & J .  Weir L td . ,  Glasgow, f o r  ad v ice  
on th e  ch o ice  o f  s t e e l  f o r  t h i s  p l a n t .
A. R. R.
CHAPTER XVII .
CONSTRUCTIONAL MATERIALS FOR USE AT HIGH PRESSURES 
AND TEMPERATURES.
The s e le c t io n  o f  a  m etal f o r  th e  c o n s tru c tio n  
o f  p la n t  o p e ra t in g  under p re s su re  a t  norm al te m p e ra tu re s  
i s  governed c h ie f ly  by th e  m echanical s t r e n g th  in  
co n ju n c tio n  w ith  c o r r o s io n - r e s i s t in g  p r o p e r t i e s ,  and 
a s  th e  te m p e ra tu re  in c re a s e s ,  th e s e  p r o p e r t ie s  become 
more d i f f i c u l t  to  a c h ie v e . S te e ls  a re  a lm ost th e  
on ly  m a te r ia ls  w ith  s u f f i c i e n t l y  h ig h  t e n s i l e  s t r e n g th  
o b ta in a b le  a t  re a so n a b le  c o s t to  be u sed  in  q u a n t i ty ,  
though  o c c a s io n a lly  a  s in g le  p ie c e  o f  equipm ent may be 
made o f o th e r  m a te r ia ls  such a s  n ic k e l  o r nichrom e 
when c o n d itio n s  o f  tem p era tu re  o r o x id a tio n  a re  s e v e re , 
o r  nichrom e i f  th e  m a te r ia l  must be n o n -m ag n e tic . As 
th e  s t r e n g th  o f a l l  m e ta ls  d ec re a se s  w ith  in c re a s e  o f  
te m p e ra tu re , i t  i s  v i t a l  t o  know th e  c h a r a c t e r i s t i c s  
o f  th e  m e ta l chosen f o r  th e  c o n d it io n s  to  be em ployed.
The fo llo w in g  t a b le  shows th e  change in  p r o p e r t i e s  o f  
some s t e e l s  w ith  te m p e ra tu re : -
T able XXIX. Change in  p r o p e r t ie s  o f  s t e e l s  w ith  temperature
S te e l . Temp. °C . Y ie ld  P t . ,  
to n s / i n 2 .
U l t . te n s  
s t r e n g th ,  
t o n s / i n 2 .
0.24% C. 20 1 6 .0 31.3
n 500 11.6 21 .6
0.35% C. 20 20.0 38 .6
n 500 7-0 27 .7
"18 /8"
S ta in le s s
20 1 6 .1 42.7
n 500 7 .7 25 .1
( F i r t h  and Brown, L td . ,  "F irth -B row n F o rg in g s " ) .
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I t  w i l l  be n o tic e d  th a t  h ig h  te m p e ra tu re s  
g r e a t ly  d ec rease  th e  e l a s t i c i t y ,  and c reep  becomes
very  m arked, even under ex trem ely  m oderate s t r e s s e s .
W ith n o n -fe rro u s  m e ta ls  th e  e f f e c t  i s  so s e r io u s  t h a t
w ith  few e x c e p tio n s  th e y  cannot be u sed  above 250°C
where any s t r e s s  o r  s t r a i n  i s  a p p lie d .
The ty p ic a l  b eh av io u r o f  a s t e e l  under
s t r e s s  i s  s h o w n  i n  f i g .  4 6  f o i l o w i n g
TEMPERATURE AND STRESS CONSTANT
aiu
UJa.O
TIME.
E i g . 4 6 .  C h a r a c t e r i s t i c  b e h a v i o u r  o f  s t e e l  
s t r e s s e d  a t  e l e v a t e d  t e m p e r a t u r e .
I t  w i l l  be seen  t h a t  th e r e  a re  th r e e  d e f in i t e  s ta g e s  
o f  s t r e s s .
( i )  P e r io d  o f  r a p id  i n i t i a l  e lo n g a tio n .
( i i )  S teady  p e r io d  o f  f a i r l y  slow c ree p .
( i i i )  P in a l /
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( i i i )  F in a l  p e r io d  o f  r a p id  creep  r e s u l t i n g  in  
d e s t ru c t io n  o f  th e  m e ta l.
For every  m a te r ia l  th e r e  i s  a  l im i t in g  te m p e ra tu re  
above w hich c reep  w i l l  occur a t  a g iv en  s t r e s s *  The 
l im i t in g  c reep  s t r e s s  i s  th e  s t r e s s  n e c e ssa ry  to  
produce th e  r a t e  o f  in c re a s e  o f  s t r a i n  o r  c reep  as 
m easured in  p e r io d  ( i i )  above. The p e rm is s ib le  
r a t e  o f  c reep  b e in g  d ec id ed , th e  c reep  s t r e s s ,  
m o d ified  by a  f a c to r  o f  s a f e ty ,  i s  ad o p ted  a s  a  s a fe  
w orking s t r e s s .  T a p se ll  recommends f o r  a l lo y  s t e e l s  
a  f a c to r  o f  a t  l e a s t  2 , b u t g e n e ra l ly  3» on a 
l im i t in g  c reep  o f  10” ^ in / i n /d a y .  (T a p s e l l ,  nThe 
Creep o f  M e ta ls , 1931)* In  g e n e ra l ,  i f  th e  w orking 
s t r e s s  i s  below  th e  e l a s t i c  l im i t  o f  th e  s t e e l ,  
perm anent d efo rm ation  o r creep  w i l l  no t r e s u l t .
For h ig h  te m p e ra tu re  work s p e c ia l  h e a t -  
r e s i s t i n g  a l lo y s  have been  developed , and f o r  t h i s  
th e r e  a re  a  number o f  n e c e ssa ry  c h a r a c t e r i s t i c s : -
(1 ) Good creep  s t r e n g th .
(2 ) Absence o f  s t r u c t u r a l  changes on lo n g  exposure
to  h e a t .
(3 ) Freedom from s c a l in g  a t  h ig h  te m p e ra tu re s .
(4 ) E e s is ta n c e  to  chem ical a t t a c k .
(5 ) E e s is ta n c e  to  hydrogen a t ta c k  and ca rb o n y l fo rm a tio n .
N ick e l and chromium, even in  q u i te  sm all 
p ro p o r t io n s /
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p ro p o r t io n s ,  enhance n o n -sc a lin g  p r o p e r t i e s .  The 
a d d i t io n  o f  0 . 05 /& molybdenum to  m ild  s t e e l  doub les 
th e  c reep  s t r e n g th  betw een 450 and 500°C. Chromium, 
up to  6%, g r e a t ly  im proves th e  c reep  s t r e n g th  o f  a 
p e a r l i t i c  s t e e l  up to  500°C, b u t f u r th e r  chromium 
in c re a s e  does n o t improve i t  t o  any marked d eg ree . 
N icke l h a s  p r a c t i c a l l y  no e f f e c t  upon p e a r l i t i c  
s t e e l s ,  w hich a re  g e n e ra lly  u s e le s s  above 600°C. 
A u s te n i t ic  s t e e l s ,  w hich a re  s o f t  a t  o rd in a ry  
te m p e ra tu re s , do no t s o f te n  much a t  h ig h  te m p e ra tu re s . 
Such s t e e l s  a re  th e  1 8 /8  C r/N i, o r  b e t t e r  s t i l l ,  th e  
1 8 /8 /1 /1  (C r/N i/W /T i) w hich p o sse ss  e x c e l le n t  creep  
p r o p e r t i e s ,  though  te n d in g  to  d e te r io r a te  s l i g h t l y  
in  u s e .  Sm all a d d i t io n s  o f  a number o f  a l lo y in g  
e lem en ts a re  b e t t e r  th a n  th e  same t o t a l  amount o f  one 
e lem en t. These 1 8 /8  s t e e l s  a re  s u b je c t  to  a  form o f  
e m b rittle m e n t w hich le a d s  t o  i n t e r c r y s t a l l i n e  weakness 
a lth o u g h  lfo o f  T itan ium  la r g e ly  overcomes t h i s  d e f e c t . 
( E l l i o t ,  S a r ja n t  and C u llen , J . S . C . I . ,  1932 , 51* 5 0 2 ).
The a t ta c k  by hydrogen on th e  s t e e l  i s  
in f lu e n c e d  by th e  fo llo w in g  f a c t o r s :-
(1 ) T em p era tu re . The l im i t in g  te m p era tu re  o f  a t t a c k  
a t  a  p re s s u re  o f  250  a tm ospheres may be a s  low a s  200°c 
f o r  a  m ild  s t e e l ,  w h ile  n ic k e l  and chromium s t e e l s  a re  
g e n e ra l ly  r e s i s t a n t  up t o  350°C a t  t h i s  p re s s u re .
(2 ) P re s s u re /
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(2 ) P re s s u re .  T h is  g e n e ra lly  prom otes a t t a c k .
(3 ) S t r e s s . A lso  prom otes a t t a c k .
R e s is ta n c e  to  hydrogen a t ta c k  i s  m a te r ia l ly  im proved 
by a l lo y in g  e lem en ts , e .g .  a 6% C r. s t e e l  i s  not 
a t ta c k e d  below  500°C a t  250 atm ospheres p r e s s u r e .
A f in e  g ra in  s t r u c tu r e  f u r th e r  im proves th e  r e s i s t a n c e .
There a r e  two s ta g e s  o f  a t ta c k  by hyd ro g en : -
(a )  The s t e e l  ab so rb s  hydrogen , becoming e m b r i t t le d ,  
and t h i s  a b s o rp tio n  may be s u r p r i s in g ly  l a r g e .  In  
one ca se  100  gms. o f  s t e e l  abso rbed  180 c c s .  o f  
hydrogen (B arber and T a y lo r , "E xperim en tal P la n t f o r  
H igh P re ssu re  H ydrogenation  P ro c e s se s" , I n s t .  Mech. 
E n g ., 1 9 3 5 ). The p ro c e ss  i s  r e v e r s ib l e ,  and th e  
c o n d itio n  can be cu red  by s u i ta b le  h e a t - t r e a tm e n t .
(b ) D e c a rb u ris a tio n  s e t s  i n ,  fo llow ed  by i n t e r -  
c r y s t a l l i n e  f i s s u r in g ,  le a d in g  to  d i s in t e g r a t io n  o f  
th e  s t e e l .  N i/C r a u s t e n i t i c  s t e e l s  a re  n o t prone 
to  t h i s  d e c a r b u r is a t io n .  They may be s e v e re ly  
e m b r i t t le d  by ab so rb ed  hydrogen , b u t th e  e m b rittle m en t 
can  be removed by s u i t a b le  h e a t - t r e a tm e n t .
N o n -fe rro u s m e ta ls  a re  l i a b l e  to  v ery  
se v e re  a t t a c k ,  e .g .  U onel, a f t e r  exposure to  hydrogen 
a t  a  p re s s u re  o f  300  a tm os. f o r  630  h o u rs  a t  a  
te m p e ra tu re  o f  450°C may be broken  e a s i l y  by hand 
(Tongue, "D esign and C o n s tru c tio n  o f  High P re s su re  
Chem ical P la n t" ) .
CHAPTER XVIII.
THE CALCULATION OF STRESSES IN MATERIALS AT 
HIGH PRESSURES.
S tr e s s e s  in  W alls o f  C y lin d r ic a l  V e s s e ls .
As most h ig h  p re s s u re  equipm ent i s  c y l in d r i c a l ,  
th e  co n c lu s io n s  drawn from d a ta  o f  th e  w a ll th ic k n e s s  o f  
tu b in g  can a ls o  be a p p l ie d  to  l a r g e r  a p p a ra tu s . In  
c a lc u la t in g  th e  r a t i o  o f  th e  in s id e  to  th e  o u ts id e  
d ia m e te r  o f  th e  v e s s e l  fo r  s e rv ic e  u n d er h ig h  p re s s u re ,  
s e v e ra l  m ethods a r e  a v a i la b le .  I f  
S = A llow able s t r e s s ,  l b / i n 2 .
P = I n te r n a l  p re s s u re ,  w "
R = y± / y Q = r a t i o  o f  in n e r  ra d iu s  to  o u te r  r a d iu s ,
th e n , assum ing a  un ifo rm  s t r e s s  d i s t r i b u t io n  a c ro s s  th e  
th ic k n e s s  o f  th e  c y l in d e r  and n e g le c t in g  th e  end p u l l ,
S = E (T h in  c y l in d e r )  (1 )
P (1 -  R)
A s t r i c t  adherence to  th e  e l a s t i c  th e o ry  f o r  th ic k
c y l in d e r s  g iv e s  th e  maximum ta n g e n t i a l  s t r e s s  d iv id e d  by
th e  p re s s u re  a s
3  = 1 + (Lame) (2 )
P 1 -  R2
Assuming th e  c o e f f i c i e n t .o f  l a t e r a l  c o n tra c t io n , o r  
P o is so n ’ s r a t i o ,  0 .3  f o r  s t e e l ,  th e  fo llo w in g  form ula 
g iv e s /
g iv e s  th e  r a t i o  f o r  a  c y l in d e r  w ith  c lo sed  ends t h a t  
a r e  in t e g r a l  w ith  th e  w a lls  as
§  = " j  t  r£4R (C la v a r in o )  (3 )
F or th e  c a se  o f  a c y l in d e r  w ith  ends which a r e  c lo se d  
by p is to n s  which a r e  n o t a p a r t  o f  th e  w a lls ,  th e  
fo llo w in g  form ula can  be u s e d :-
S = 1 ..2 .+ 0-7B2 ( B im ie )  (4)
* 1 -  B
A sim p le  fo rm u la , how ever, w hich g iv e s  v a lu e s  on th e  
s id e  o f  s a fe ty  f o r  a l l  b u t th e  th i c k e s t  c y l in d e r s  i s
f  * J T  r (B arlow ) (5)
W ith th e  a id  o f  th e s e  fo rm ulae th e  v a lu e  o f 
B f o r  any g iv en  v a lu e  o f  ^  may be found .
Screw T hread S t r e s s e s .
The s t r e s s  in  screw th re a d s  can be e s tim a te d  
s a f e ly  by c o n s id e r in g  th e  screw ed p a r t  a s  a  b o l t  in  
te n s io n ,  and  c a lc u la t in g  th e  s t r e s s  a s  a  t e n s i l e  s t r e s s  
a c ro s s  th e  a re a  a t  th e  ro o t  o f  th e  th re a d  ( th e  co re  o f  
th e  b o l t ) ,  -  p ro v id ed  a lw ays, o f  co u rse , t h a t  th e  le n g th  
o f  th e  th re a d e d  p a r t  i s  a t  l e a s t  eq u a l to  th e  d iam ete r 
o f  th e  screw , ( c . f .  D alby, "The S tre n g th  and S tru c tu re
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o f  S te e l  and o th e r  M aterials**). T h is  i s  g e n e ra l ly  
o b se rv ed , th e  le n g th  o f  screw ed p a r t  b e in g  g iv e n  a s  
(d  + 1 /8 " ) ,  where d i s  th e  o u ts id e  d iam e te r o f  th e  b o l t  
o r  screw ed  p a r t .
O ther S t r e s s e s .
T ig h ten in g -u p  s t r e s s e s ,  e s p e c ia l ly  w ith  screw s 
o f  sm all d ia m e te r , may b e  g r e a t e r  th a n  th e  norm al w orking 
s t r e s s .  100$ i s  u s u a l ly  th e  a llow ance made f o r  screw s 
l e s s  th a n  1" in  d ia m e te r. T h is  f ig u r e  i s ,  o f  co u rse , 
p u re ly  a r b i t r a r y .
and i f  th e  w a l ls  o f  th e  v e s s e l  a re  p a r t i c u l a r l y  th ic k ,  
th e s e  s t r e s s e s  may be s e r io u s .  Such s t r e s s e s  may be 
c a lc u la te d  from form ulae such a s  th e  fo llo w in g
Where = In s id e  te m p e ra tu re  s t r e s s ,
1/m = P o is so n ’ s r a t i o ;  m = abou t 4 f o r  s t e e l ,
3*3 f o r  "18 /18" a t  c r a c k i n g - s t i l l  te m p e ra tu re , 
a  = c o e f f i c i e n t  o f  expansion ,
E * Young’ s  modulus o f  e l a s t i c i t y ,
T = te m p e ra tu re  drop th ro u g h  th e  w a lls ,
R = r a t i o  o f  in s id e  to  o u ts id e  d ia m e te r.
F o r a  more com plete d is c u s s io n  o f  tem p era tu re  s t r e s s e s  
s e e /
Tem perature s t r e s s e s  a re  alw ays en co u n te red ,
aE(AT) ( 6 )
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see  L u s te r , "D esign o f  th ic k -w a lle d  Tubes S u b je c te d  to  
P re s su re  and H eat In p u t" , T ran s . Am. Soc. Mech. E n g .,
F uel Steam Power, 5 1 -1 2 , 161-172 (1931).
Thermocouple w e lls  o r  c a t a l y s t  c o n ta in e r s  a c ro s s  
w hich th e re  i s  a la rg e  p re s s u re  drop r e s u l t i n g  from h ig h  
v e l o c i t i e s  o r  th e  p re se n ce  o f  p a r t i a l  p lu g s , p r e s e n t  th e  
r e v e r s e  o f  th e  above c o n d it io n s , inasmuch a s  th e  p re s s u re  
i s  a p p l ie d  to  th e  o u ts id e  o f  th e  c y l in d e r .  In  long  
c y l in d e r s  w ith  H = 0 .9» th e  c o l la p s in g  p re s s u re  may be 
c a lc u la te d  from th e  fo llo w in g  fo rm u la :-
^  '  T - h ?  (7 )
in  w hich Sy ^ = s t r e s s  a t  y i e ld  p o in t ,
Pc = c o l la p s in g  p re s s u re .
In  th in -w a l le d  c y l in d e r s  th e  c o l la p s in g  p re s s u re  f a l l s  o f f  
v e ry  r a p id ly ,  e s p e c ia l ly  when H h a s  a v a lu e  betw een 0 .95  
and 1 .0  (See J a s p e r  and S u l l iv a n , "The C o lla p s in g  S tre n g th  
o f  S te e l  T ubes", T ran s . Am. Soc. Mech. E n g ., A pp lied  
M echanics, 53-1 7 b . 219-245 (1931) f o r  f a r t h e r  d e t a i l s ) .  
Tubes w hich a re  s u b je c te d  to  th e s e  c o n d itio n s  sh o u ld  be a s  
n e a r ly  round a s  p o s s ib le ,  f o r  v a r ia t io n s  in  w all th ic k n e s s  
and * o u t-o f - ro u n d n e s s ’ b o th  a f f e c t  th e  c o l la p s in g  p r e s s u re .
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CHAPTER &IX.
DESCRIPTION OF THE PLANT.
T h is  p la n t  was d esigned  f i r s t  and fo rem o st a s  
a  la b o ra to ry  u n i t  f o r  th e  study  o f  th e  m ethanol s y n th e s is .  
As a  la b o ra to ry  u n i t ,  th e r e f o r e ,  th e re  were c e r t a in  
n e c e ss a ry  q u a l i f i c a t io n s
(a )  Sm all s iz e .
(b )  S im p lic ity  o f  d es ig n .
( c ) S a fe ty .
(d )  Ease o f  o p e ra t io n .
(e )  Wide l i m i t s  o f  o p e ra t in g  c o n d it io n s .
( f )  A d a p ta b i l i ty  to  o th e r  gaseous phase r e a c t io n s .
These req u ire m e n ts  have been f u l f i l l e d  a s  f a r  
a s  p o s s ib le  in  t h i s  u n i t ,  th e  g e n e ra l  assem bly o f  which 
i s  shown in  f i g .  47 o p p o s ite
(a )  The c a t a l y s t  space i s  ap p ro x im ate ly  20 c e s . ,  g iv in g  an  
approx im ate maximum y ie ld  o f  40 -  50 c c s .  o f  m ethanol p e r  
hou r a t  400°C, and 3000 l b / i n 2 p re s s u re  ( i . e .  tw ic e  i t s  
own volume o f  m ethanol p e r  hou r produced  by a good 
c a t a l y s t .)
(b )  As th e  assem bly draw ing shows, th e  d es ig n  i s  sim ple 
and s t r a ig h tfo rw a rd .
(c )  A v e ry  la r g e  f a c t o r  o f  s a fe ty  i s  in c o rp o ra te d . For 
th e  r e a c t io n  v e s s e l  i t s e l f ,  th e  minimum v a lu e  i s  8 a t
500/
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500°C.
(d )  Only e s s e n t i a l  c o n t ro ls  have been in c o rp o ra te d ,
and th e  number k e p t to  a  minimum. The c o n t ro l  p an e l
h as  been  d es ig n ed  so t h a t  th e  c o n tro ls  a r e  r e a d i ly
a c c e s s ib le  a s  w i l l  be seen  from t h e i r  p o s i t io n in g  in  
A  8/3
f ig .? ? A w hich i l l u s t r a t e s  th e  c o n tro l  p a n e l.
(e )  The l i m i t s  o f  o p e ra t in g  c o n d itio n s  a r e  in d eed  w ide.
The te m p e ra tu re  range i s  up to  500°C; th e  p re s s u re  i s
p
up to  3000  l b / i n  ; th e  g as  c i r c u la t i o n  r a t e  i s  up to  15 
l i t r e s  p e r  h o u r o f  h ig h  p re s s u re  g a s , w hich means th a t  
th e  g a s  i s  changed every  5 seconds in  th e  r e a c t io n  cham ber.
( f )  W ith s l i g h t  m o d if ic a tio n s  in  g as  c o n n e c tio n s , e t c . ,  
th e  h ig h  p re s s u re  p ro d u c t r e c e iv e r ,  on b e in g  h e a te d , say 
in  a  s im i la r  manner to  th e  r e a c t io n  v e s s e l ,  becomes an 
e f f i c i e n t  h ig h  p re s s u re  l i q u i d  v a p o r is e r .  A m ild  s t e e l  
v e s s e l  o f  th e  same d im ensions can  b e  made to  se rv e  as
h ig h  p re s s u re  p ro d u c t r e c e iv e r  in  i t s  p la c e .  T h is , how ever, 
i s  o n ly  a n  example o f  th e  a d a p ta b i l i ty  o f  th e  p l a n t ,  a s  
i t  i s  d esigned  p r im a r i ly  f o r  r e a c t io n s  betw een g a s e s .
The p la n t  i s ,  how ever, d e sc rib ed  p a r t  by p a r t
in  d e t a i l .
REACTION CHAMBER.
T h is  was m achined from a  b i l l e t  o f  h e a t -
r e s i s t i n g /
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h e a t - r e s i s t i n g  s t e e l ,  A ir  M in is try  M a te r ia l  S p e c i f ic a t io n  
No. D .T.D. 306 (A p r i l  1937)- T h is  i s  a  60/70  to n  Chrome- 
Molybdenum s t e e l ,  s u i t a b le  f o r  n i tro g e n  h a rd e n in g . The 
chem ical co m p o sitio n  i s  s p e c i f ie d  as f o l lo w s :-
C arbon......... .Not l e s s  th a n  0.157S n o r  more th a n  0 .3 5 ^
S i l i c o n . . . . more th a n  0.35?S.
M anganese. . w " 0 .65£
S u lp h u r . . . . n " 0.057S.
Phosphorus. N• • ft •  0.057S.
N ic k e l......... it It " O .307S
Chromium.. . .Not l e s s  th a n  2 . 507S n o r more th a n  3-50^ .
Molybdenum. « « " 0 . 307s " " •  0 . 707s.
The fo llo w in g  e lem en ts may be p re s e n t  a t  th e  o p tio n  o f  
th e  S tee lm a k e r:-
Vanadium...........Not more th an  O .257S.
T u n g sten   " " * 1.00JS.
The m echan ical p r o p e r t ie s  a r e  s p e c i f ie d  a s
fo l lo w s : -
Maximum s t r e s s ................. Not l e s s  th a n  60 n o r more th a n  75
to n s  p e r  s q . i n .
E lo n g a t io n ...........................Not l e s s  th a n  I 77S.
Iz o d .......................................  " •  " 3 5  f t . l b .
B r in a l l  h a rd n e ss  num ber. Not l e s s  th a n  269  n o r more th a n  3 2 1 . 
0 .1/
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P R E H E A T E R
T H E R M O C O U P L E  
WELL  \
S T U D  P O S I T I O N S
5/8'
WHIT
F i g .  4 8 .  R e a c t i o n  Chamber showing a t t a c h m e n t  o f  p r e h e a t e r .
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0 .1  p ro o f  s t r e s s ,  i f  d e te rm in e d  Not l e s s  th a n  45 to n s
p e r  sq . in .
H eat T rea tm en t.
I t  i s  s p e c if ie d  th a t  th e  s t e e l  be h ardened  by 
h e a t in g  to  a  te m p e ra tu re  o f  900°C and quenching in  o i l .
I t  i s  th e n  tem pered by h e a t in g  to  a  s u i t a b le  te m p e ra tu re  
o f  n o t l e s s  th a n  5 70°C, and co o led  in  a i r  to  g iv e  th e  
t e n s i l e  and Izod  v a lu e s  a lre a d y  s p e c i f ie d .
The b i l l e t  o f  s t e e l  was s u p p lie d  by M essrs The 
Clyde A llo y  C o., L td . ,  M otherw ell, and m achined by M essrs
A. & W. Sm ith , L td . ,  Glasgow. F ig .48 o p p o s ite  i l l u s t r a t e s  
th e  assem bled  v e s s e l  (F u l l  d e t a i l s  a r e  a v a i la b le  in  f i g .  48a 
in  end cover p o c k e t) .  F i g . 49 fo llo w in g  i s  a p h o tog raph  o f  
th e  f in is h e d  p a r t  and co v e rs .
F i g . 4 9 .  F i n i s h e d  R e a c t i o n  Chamber and c o v e r s .
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A r a t i o  o f  th e  o u ts id e  to  th e  in s id e  d ia m e te rs  
o f  3 : 1 was chosen a r b i t r a r i l y ,  f o r  ac co rd in g  to  
Tongue ( nThe D esign and C o n s tru c tio n  o f  H igh P re s su re  
Chemical P la n t" ) ,  t h i s  f ig u r e  i s  s u i t a b le  f o r  so lid -d raw n  
tu b in g  f o r  p re s s u re s  up to  750  a tm ospheres; th e  r e a c t io n  
v e s s e l  can  be co n s id e red  a s  a s h o r t  le n g th  o f  seam less 
tu b in g . The c a lc u la t io n s  which fo llo w  w i l l  in d ic a te  t h a t  
t h i s  assum ption  e r r s  g r e a t ly  on th e  s a fe  s id e .  No 
s p e c ia l  advan tage  was to  be g a in ed  by red u c in g  th e  w a ll 
th ic k n e s s  f u r th e r ,  a s  t h i s  on ly  meant in c re a s e d  m achining  
c o s t s .
The advantage o f  such a  ro b u s t r e a c t io n  v e s s e l ,  
and p la n t  in  g e n e ra l ,  i s  t h a t  th e  ex trem ely  la rg e  f a c to r  
o f  s a fe ty  in c o rp o ra te d  in  th e  d es ig n  en ab les  th e  p la n t  to  
w ith s ta n d  f a i r l y  rough t r e a tm e n t .
Each cover i s  f ix e d  by means o f  fo u r  5 /8 "  B .S .F . 
s tu d s ,  th e s e  and th e  n u ts  b e in g  o f  th e  same s t e e l  a s  th e  
r e a c t io n  v e s s e l .  The n u ts  a re  t ig h te n e d  and lo o sen ed  by 
means o f  a b o x -sp an n e r, in  o rd e r  t h a t  no e x c e ss iv e  s t r a i n  
be p la c e d  on th e  su p p o r ts  o f  th e  r e a c t io n  v e s s e l  ( s e e  l a t e r ) .
The therm ocouple w e ll c o n s is t s  o f  a  le n g th  o f 
so lid -d ra w n  Chrome-Molybdenum s t e e l  tu b in g  (ap p ro x . 1%
C r . ,  0 .2 £  Mb), 1 /8 "  i . d .  x 5 /8" o .d . ,  o b ta in a b le  from 
M essrs A cc le s  and P o llo c k , Birmingham. T h is  i s  p lugged  
an d /
-  196
and w elded a t  one end. The o th e r  end i s  screw ed 3 /8"
B .S .F . to  f i t  in to  th e  to p  co v er. The j o i n t  i s  o f  th e  
copper g a sk e t ty p e , th e  tu b e  being  p ro v id ed  w ith  f l a t s  
f o r  a  sp an n e r. The therm ocouple w e ll i s  shown in  
p o s i t io n  in  f i g .  48  (p .  194a).
I t  w i l l  be seen from th e  diagram  o f  th e  r e a c t io n  
v e s s e l  ( f i g .  4 8 ,  p . l 9 4 a )  t h a t  th e  gas co n n e c tio n s  a r e  made 
to  th e  v e s s e l  i t s e l f ,  and n o t to  th e  co v e r, a s  i s  v e ry  
o f te n  th e  c a se . T h is  e n a b le s  th e  v e s s e l  to  be opened 
w ith o u t d is tu rb in g  th e s e  co n n e c tio n s , th u s  g r e a t ly  
red u c in g  th e  chances o f  le a k s .  The cover j o i n t  a t  e i t h e r  
end i s  o f  th e  re c e s se d  sp ig o t ty p e  w ith  copper g a s k e t - r in g .  
T h is  ty p e  o f j o i n t  i s  g e n e ra l ly  co n s id e red  to  be em in en tly  
s u i t a b le  where th e  j o i n t  has f r e q u e n tly  to  be made and 
b roken .
The method o f  co n n ec tin g  p ip e l in e s  to  th e  v e s s e l  
i s  by means o f  an a l lo y  s t e e l  n ip p le  and u n io n , i l l u s t r a t e d  
in  f ig u r e  50 fo llo w in g .
s/cT b s f 5 / 8 ' WHIT.
v w
F i g . 5 0 .  N i p p l e  and  Union a t t a c h m e n t ;  a l l o y  s t e e l  
f o r  h o t  p a r t s ,  m i l d  s t e e l  f o r  c o l d .
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The r e a c t io n  v e s s e l  i s  th e  n o n -h e a t- in te rc h a n g e  
ty p e , a " s t r a ig h t- th ro u g h "  system  b e in g  p r e f e r a b le  f o r  
a sm all p la n t  such a s  t h i s .  The c a ta ly s t  can  e i t h e r  f i l l  
th e  h e a te d  volume o f  th e  v e s s e l  (betw een th e  f la n g e s ) ,  o r 
i t  may b e  h e ld  in  a w ire  gauze b a s k e t a t ta c h e d  to  th e  
therm ocouple w e ll .  To reduce th e  p o s s i b i l i t y  o f  chem ical 
a t t a c k ,  th e  in s id e  o f  th e  v e s s e l  i s  re a m e r-f in is h e d  to  
g iv e  a  v e ry  smooth s u r fa c e . A th in ,  seam less copper l i n e r  
i s  p ro v id ed  which can be f i t t e d  ( p u s h - f i t )  in to  th e  
v e s s e l  i f  r e q u ir e d , a s  a  f u r th e r  p re c a u tio n  a g a in s t  a t t a c k .
The v e s s e l  i s  b o l te d  to  a  v e r t i c a l  channel 
g i r d e r  and  h e ld  r i g i d  by means o f  p ip e - c o l l a r s ,  th e  ends 
o f  which a re  shaped to  f i t  th e  c ircu m fe ren ce  o f  th e  
f la n g e s .  The m ethod i s  d isc u sse d  more f u l l y  l a t e r ,  how ever.
LIMITING- WORKING CONDITIONS OF TEMPERATURE 
AND PRESSURE. "
R e ac tio n  V e sse l.
The s t e e l  i s  a h e a t - r e s i s t i n g  s t e e l ,  and 
co n seq u en tly  500°C can  b e  assumed to  be th e  maximum 
te m p e ra tu re  w hich co rresp o n d s w ith  th e  g r e a t e s t  p e rm is s ib le  
f a l l  in  s t r e n g th .  Above t h i s  te m p e ra tu re  th e  s t r e n g th  f a l l s  
o f f  r a p id ly .  U n fo r tu n a te ly , d a ta  o f  th e  p r o p e r t ie s  o f  
t h i s /
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t h i s  s t e e l  a t  500°C a re  n o t  a t  p r e s e n t  a v a i l a b l e ,  and 
assum ptions  must be made. A study  o f  t h e  d a ta  o f  s t e e l s  
o f  app ro x im a te ly  th e  same com position  and p r o p e r t i e s ,  
i n d i c a t e s  t h a t  th e  t e n s i l e  s t r e n g th  a t  500°C i s  abou t 
75^ o f  t h a t  a t  o rd in a ry  te m p e ra tu re s .  The c re e p  s t r e s s  
a t  500°C can be ta k e n  a s  approx im ate ly  25$> o f  th e  t e n s i l e  
s t r e n g t h  a t  t h i s  te m p e ra tu re .
Using th e  low er l i m i t  s p e c i f i e d  f o r  th e  t e n s i l e  
s t r e n g t h  a t  o rd in a ry  te m p e ra tu re s ,  th e  u l t i m a t e  t e n s i l e  
s t r e n g th  a t  500°C i s  assumed to  be 45 t o n s / i n 2 , and th e
P . 7c ree p  s t r e s s  a s  11 t o n s / i n  ( s te a d y  c reep  r a t e  o f  10“ ' 
i n . / i n . / h r . ) .
Assuming a s a f e ty  f a c t o r  o f  5* th e  maximum 
a l lo w a b le  s t r e s s ,  S, = 9 t o n s / i n 2 a t  500°C.
By Lame's fo rm u la , maximum p r e s s u r e ,  P ,  = 7 * 2
p
t o n s / i n  .
By B a rlo w 's  form ula f o r  a t h i n  c y l in d e r ,
2
P = 8 t o n s / i n  .
2
Average = 7*5 t o n s / i n . ,  say .
The normal working p r e s s u r e  w i l l  be 1 .5  -  2 .0  t o n s / i n  
a t  a  maximum te m p e ra tu re  o f  500°C.
I t  w i l l  be seen  t h a t  th e  c ree p , i f  any, under  
th e s e  w orking c o n d i t io n s  w i l l  be i n f i n i t e s i m a l .  
T em pera tu re /
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Tem perature S t r e s s e s  in  W a lls , and Maximum Tem perature 
D if fe re n c e  th rough  WaTT *hilckness.
For convenience th e  form ula f o r  c a l c u l a t i n g
th e  te m p e ra tu re  s t r e s s  i s  g iv en  ag a in ,
Sm = m .aE(AT). 2 . + 1
T 2(m -  1) 1 -  R2 In .R
m = 4
a  = 1 .3  ( s a y )  x  10”^ f o r  range 400 -  500°C.
E = 25 x 10^ f o r  a l l o y  s t e e l s  f o r  above ra n g e .
R =* 0 . 3 3 3 *
2
Assuming a tem p era tu re  s t r e s s  o f  1 t o n / i n  , and 
s u b s t i t u t i n g  th e  above v a lu e s  in  th e  e q u a tio n ,
A T  = 3 7 ° C .
As i t  i s  im probable t h a t  a tem p era tu re  d i f f e r e n c e  o f  
t h i s  m agnitude can  e x i s t  a c ro s s  a  3 /4 "  s t e e l  w a l l ,  a  
r a p i d  r a t e  o f  h e a t in g  i s  p e rm is s ib le ,  even u n d er  maximum 
working p r e s s u r e .  (A c tu a l ly ,  t o  m a in ta in  t h i s  d i f f e r e n c e ,
p
a h e a t  th ro u g h p u t o f  about 15000 B .T h .U . / f t  / h r .  would 
be r e q u i r e d . )
Maximum S t r e s s  in  Thermocouple W e ll .
Assuming a  t e n s i l e  s t r e n g th  o f  30 t o n s / i n  and
a y i e l d  p o in t  o f  9 t o n s / i n 2 a t  500°C f o r  th e  s t e e l ,  f o r
2
R * 0 .3 3 ,  th e  c o l l a p s in g  p r e s s u r e ,  P c, = 4 t o n s / i n  , 
c a l c u l a t e d /
200 -
c a l c u l a t e d  by t h e  form ula (7 )  g iv e n  on p ,/qo  .
Cover S tu d s .
The p r e s s u re  i s  assumed to  a c t  on th e  a r e a  
bounded by th e  o u t s id e  o f  th e  g a s k e t ,  i . e .  on a  c i r c l e  
1 . 25" in  d iam e te r .
Area = 1.227 in 2 .
Maximum o p e ra t in g  s t r e s s  u n d er  la b o ra to r y  
c o n d i t io n s  = 2 .0  t o n s / i n  .
.*. P u l l  on s tu d s  = 2 .0  x  1 .2 2 7 , = 2 .454  to n s .
" " each s tud  = 0 .614  to n s .
T ig h te n in g  up p u l l  on each s tu d  = 0 .6 1 4  to n s .  
S tuds a r e  5 /8 "  B .S .F .
A rea a t  bottom o f  th r e a d  = 0.2235 in 2 -
p
Creep s t r e s s  = 11 t o n s / i n
.*. Maximum p e r m is s ib le  p u l l  = 11 x  0.2235*
= 2.455 to n s  p e r  s tu d .
T o ta l  working p u l l  = 1 .23  to n s  p e r  s tu d .
I t  w i l l  be n o t ic e d  t h a t  th e  w a l ls  o f  th e  r e a c t io n  
v e s s e l  a r e  capab le  o f  ta k in g  a  v e iy  much g r e a t e r  s t r e s s  
th a n  t h e  s tu d s .  The reaso n  f o r  t h i s  i s  t h a t  th e  s tu d s  
a r e  n o t  s u b je c te d  to  th e  same c o n d i t io n s ,  i . e .  th e y  may 
be s l i g h t l y  c o o le r ,  a r e  n o t  in  c o n ta c t  w i th  r e a c t a n t s ,  
and/
and a r e  n o t  s u b je c t  to  th e  same te m p era tu re  s t r e s s e s .
S a fe ty  f a c t o r  f o r  oWoefeg, however, i s  ap p ro x im a te ly  
8 a t  th e  working te m p e ra tu re .
HEATING OF REACTION CHAMBER.
E l e c t r i c a l  h e a t in g  i s  o f  co u rse  employed, and 
t h i s  i s  e x t e r n a l ,  a s  i n t e r n a l  h e a t in g  f o r  a v e s s e l  o f  
t h i s  s i z e  i s  im p ra c t ic a b le .  F o r  e x te r n a l  h e a t in g  th e  
f la n g e  p re s e n te d  a  problem, a s  an  o rd in a ry  fu rn a c e ,  to  
f i t  o v e r  th e  f la n g e ,  i s  to o  f a r  d i s t a n t  from th e  body.
There a r e  t h r e e  ways in  which t h i s  d i f f i c u l t y  co u ld  be 
overcome
(a )  A d iv id e d  copper b lo c k ,  shaped to  t h e  body o f  th e  
v e s s e l ,  co u ld  be u sed  to  conduct th e  h e a t  from th e  fu rn a c e .  
The su p p o r ts  o f  th e  v e s s e l  a r e  n o t  s t ro n g  enough to  
su p p o r t  such an a d d i t i o n a l  w e ig h t .  A s i m i l a r l y  shaped 
aluminium b lo c k  could  be u sed  in s t e a d ,  b u t  th e  c o n d u c t iv i ty  
i s  n o t  so g r e a t  a s  t h a t  o f  copper.
(b )  A d iv id e d  fu rn a c e  f i t t i n g  c lo s e  to  th e  body o f  th e  
v e s s e l  i s  i d e a l ,  a s  i t  makes f o r  com pactness. F u rthe rm ore , 
i t  e n a b le s  th e  fu rn a c e  to  be opened e a s i l y  i f  r a p i d  
c o o l in g  i s  d e s i r e d .  The p r a c t i c a l  d i f f i c u l t i e s  o f  
w inding and f a b r i c a t i o n  o f  t h i s  ty p e  o f  fu rn a ce  on such
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a  sm all s c a le ,  however, a re  g r e a t ,  and i t  i s  a l s o  
h ig h ly  p ro b a b le  t h a t  th e  r a t e  o f  h e a t in g  would n o t  be 
un ifo rm .
( c )  The h e a t in g  elem ent i s  wound d i r e c t l y  on to  th e  body 
o f  th e  v e s s e l ,  i n s u l a t e d  from i t  by s e v e ra l  l a y e r s  o f  
’M ic o n i t e ' . The la g g in g  o f  a s b e s to s  i s  i n  two r i g i d ,  
c l o s e - f i t t i n g  h in g ed  h a lv e s ,  p e r m i t t in g  i t  t o  be opened 
f o r  r a p id  c o o l in g .
The t h i r d  o f  th e s e  t h r e e  methods i s  adopted  f o r  
h e a t in g  th e  r e a c t io n  v e s s e l .  I t  h a s  th e  d isad v an tag e  
t h a t  th e  winding must be removed b e fo re  h y d ra u l ic  t e s t s  
can  be made. I t  i s  b e l ie v e d ,  however, t h a t  t h i s  
d isa d v an ta g e  i s  outw eighed by th e  advan tages  o f  r a p id  
c o o l in g ,  com pactness and l i g h t n e s s  ( t h e  la g g in g  "box" 
b e in g  su p p o r ted  s e p a r a te ly  from t h e  r e a c t i o n  v e s s e l .
The method o f  la g g in g  i s  i l l u s t r a t e d  in  f ig S l f o l lo w in g .
F i g . 51 .
Model o f  r em ovable  
f u r n a c e  l a g g i n g .
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C urren t R e q u ire d .
The c u r r e n t  r e q u i r e d  f o r  h e a t in g  a  v e s s e l  o f  
t h i s  s i z e  r a p id ly  t o  500°C and m a in ta in in g  i t  a t  t h a t  
te m p e ra tu re  was a r b i t r a r i l y  f ix e d  a t  5 am peres a t  250 
v o l t s .  T h is  f i g u r e  was dec ided  upon fo l lo w in g  ex p e r ie n c e  
g a in e d  w ith  th e  fu rn a c e  u sed  f o r  th e  experim en ts  o f  
P a r t s  1,11 a n d l l l . In  t h i s  case th e  fu rn a c e  i s  2 1 /2"  
i n t .  d ia .  x 7" d ia .  over la g g in g ,  and 9" i a  l e n g th .  The 
r e s i s t a n c e  o f  th e  elem ent i s  83 ohms, c o n t r o l l e d  by  an 
e x t e r n a l  v a r i a b l e  r e s i s t a n c e  o f  235 ohms max. The fu rn a ce  
was u sed  v e r t i c a l l y  w ith  b o th  ends open, so t h a t  t h e r e  
was a  c o n s ta n t  c u r r e n t  o f  a i r  p a s s in g  th rough  i t .  To 
m a in ta in  a  c o n s ta n t  te m p era tu re  o f  400°C in  th e  r e a c t i o n  
v e s s e l  u n d er  th e se  c o n d i t io n s ,  an  e x t e r n a l  r e s i s t a n c e  
o f  ap p ro x im a te ly  100 ohms was r e q u i r e d ,  co rresp o n d in g  to  
ap p ro x im a te ly  1 .4  amperes a t  250 v o l t s  f o r  th e  fu rn a c e .
The a llow ance  o f  5 amperes f o r  h e a t in g  th e  
r e a c t i o n  v e s s e l  would th u s  ap p ea r  to  b e  s u f f i c i e n t ,  even 
when a  l a r g e  amount o f  h e a t  i s  b e in g  c a r r i e d  away by th e  
c i r c u l a t i n g  g a s .  F u rtherm ore , t h i s  c u r r e n t  w i l l  a l lo w  
o f  r a p id  h e a t in g ,  a r a t e  o f  200°C p e r  hour b e in g  ta k e n  
a s  a s a f e  maximum which w i l l  n o t  g iv e  r i s e  to  undue 
te m p e ra tu re  s t r e s s  in  th e  w a l l .  Moreover, th e  te m p e ra tu re  
d ro p /
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drop a c ro s s  th e  w a ll  w i l l  be m easured a t  t h i s  r a t e  o f  
h e a t in g .  The maximum r a t e  o f  h e a t in g  o b ta in a b le  w ith  
t h e  f u l l  c u r r e n t  w i l l  a l s o  be measured.
Furnace W inding.
The r e s i s t a n c e  r e q u i r e d  to  p a s s  5*0 amps, a t  
250  v o l t s  i s  50 ohms.
Nichrome V, No. 21 B. & S. Gauge r e q u i r e s  a 
c u r r e n t  o f  app rox im ate ly  5 amps f o r  a  w ire  te m p e ra tu re
o f  approx im ate ly  650°C. T h is  v a lu e  i s  f o r  a  h e l i c a l
c o i l  h e a te d  i n  t h e  open a i r ;  f o r  a  la g g ed  c o i l  th e  
te m p e ra tu re  may be  50ft h ig h e r .
R e s is ta n c e  p e r  fo o t  a t  800°C * O.8 3 6  ohms.
l e n g th  r e q u i r e d  = 59*8 f t .> = 717*6  i n s .
C ircum ference over 'M ic o n i te '  i n s u l a t i o n  = 7 * 2 6  in s .
Number o f  t u r n s  = 9 8 .8 .
" " " p e r  in c h  on 4 .9  i n s .  h e a te d  l e n g th
o f  r e a c t i o n  chamber = 22 tu r n s .
Depth o f  A sb es to s  la g g in g  » 2 i n s .
The te m p e ra tu re  o b ta in a b le  under  th e s e  c o n d i t io n s  
may seem r a t h e r  h ig h .  A low er te m p era tu re  e n t a i l e d  t h e  
u se  o f  a h e a v ie r  w ire  f o r  5 am ps., o r  a  sm a lle r  c u r r e n t  
f o r  t h e  above w ir e .  A g r e a t e r  l e n g th  o f  h e a v ie r  w ire  i s  
r e q u i r e d /
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STUD POSITIONS.
F i g . 5 2 .  H igh  P r e s s u r e  P r o d u c t  R e c e i v e r .
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r e q u i r e d ,  w i th  th e  r e s u l t  t h a t  i t  cannot a l l  he wound 
on th e  v e s s e l  in  a  s in g le  l a y e r .  I t  was f e l t  t h a t  a 
low er c u r r e n t  would n o t he s u f f i c i e n t  to  b a la n c e  th e  
h e a t  l o s s e s .
HIGH PRESSURE PRODUCT RECEIVER.
T h is  i s  made o f  th e  same s t e e l  a s  th e  r e a c t i o n  
v e s s e l ,  and w i th  a few e x c e p t io n s ,  th e  d im ensions a re  
i d e n t i c a l .  F ig .  52 o p p o s i te  i l l u s t r a t e s  th e  assem bly , and 
f i g .  52ain th e  end cover pocke t i s  a  d e t a i l e d  working 
drawing o f  th e  v e s s e l .  The gas  co n n e c tio n s  a re  made by 
n ip p le  and u n io n  to  th e  to p  co v e r ,  e n a b l in g  th e  body to  
be removed i f  r e q u i r e d ,  w ith o u t d i s tu rb in g  them. The 
v e s s e l  i s  su p p o r ted  by b o l t s  and p i p e - c o l l a r s  in  a  manner 
s im i l a r  to  th e  r e a c t i o n  v e s s e l ,  and th e  methods o f  c lo s u re  
a r e  i d e n t i c a l .
A sm all copper d r ip -p ip e  i s  f i t t e d  in to  th e  
to p  co v er  to  c a r r y  th e  l i q u i d  p ro d u c ts  p a s t  th e  g as  p o r t s ,  
overcoming th e  tendency  f o r  th e  l i q u i d  to  ru n  down th e  
s id e s  and be c a r r i e d  in to  th e  p ip e  l i n e s .  The bottom  
o f  th e  v e s s e l  i s  coned 10° to  f a c i l i t a t e  d ra in a g e ,  w hile  
th e  in s id e  i s  r e a m e r - f in is h e d  f o r  smoothness; a  t h i n ,  
seam less  copper l i n e r  ( p u s h - f i t )  i s  a l s o  p ro v id e d ,  and 
ca n /
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can be f i t t e d  i f  r e q u i r e d .
The c o n te n ts  a r e  run o f f  th rough  a f in e - a d ju s tm e n t  
v a lv e  to  a  lo w -p re s su re  c a tc h -p o t  on th e  f r o n t  o f  th e  
c o n t r o l  p a n e l .  The emergency b lo w -o ff  i s  ta k e n  from th e  
to p  o f  th e  v e s s e l ,  so t h a t  in  th e  event o f  an emergency 
th e  p ro d u c t  i s  r e t a i n e d .
S t r e s s e s .
As th e  v e s s e l  i s  c o n s t ru c te d  to  th e  same 
d im ensions , excep t in  a  few d e t a i l s  m entioned above, and 
o f  th e  same m a te r i a l  a s  th e  r e a c t io n  chamber, t h e  same 
c a l c u l a t i o n s  ap p ly , and a s  th e  v e s s e l  i s  n o t  h e a te d ,  
th e  a l lo w a b le  s t r e s s e s  a r e  very  much g r e a t e r .
GAS CIRCULATING PUMP.
For a r a t e  o f  0 -  15 l i t r e s  o f  h ig h  p r e s s u r e  
gas  p e r  hour  a  v e ry  sm all pump i s  r e q u i r e d .  F u rthe rm ore , 
t h e  gas  flow should  be a s  co n tinuous  a s  p o s s ib le  over 
t h i s  ran g e . The ty p e  o f  pump most s u i t e d  to  th e s e  
c o n d i t io n s  i s  & r o t a r y  pump.
High p r e s s u re  g as  c i r c u l a t i o n  by r o ta r y  pump i s  
a  d e p a r tu re  from common p r a c t i c e .  P rov ided  p ro p e r  ca re  
i s  ta k e n  in  th e  d es ig n , however, th e re  i s  no re a so n  why 
such  a  method canno t be made a p p l ic a b le  to  v e ry  sm all 
l a b o ra to r y  p l a n t s  such  a s  th e  p re s e n t  u n i t .
F o r /
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For s a t i s f a c t o r y  o p e ra t io n ,  such  pumps r e q u i r e  
to  be  d r iv e n  a t  high, speed, and th e  problem i s  one o f  
d e s ig n in g  a g la n d  which w i l l  w i th s ta n d  th e  p r e s s u r e  a t  
a h ig h  s h a f t  speed . Experim ents by a c o l le a g u e  (L u c k h u rs t ,  
p r i v a t e  communication) on h ig h  speed s t i r r i n g  (5 0 0  r .p .m )  
f o r  a  h ig h  p r e s s u r e  a u to c la v e  have shown t h a t  w ith  
p ro p e r  su p p o r t  and a b s o lu te  r i g i d i t y  o f  th e  s h a f t ,  h ig h  
speed s t i r r i n g ,  even a t  e le v a te d  te m p e ra tu re s ,  p r e s e n ts  
no d i f f i c u l t y .  (F o r  f u l l  d e t a i l s  o f  a u to c la v e  and g la n d ,  
see  nThe D esign, C o n s tru c t io n ,  and O p era tio n  o f  a High 
P re s s u re  Chemical P la n t " ,  a T h e s is  p re s e n te d  by 
John F .C . G ar tsh o re ,  B .S c . ,  A .I .C .  f o r  th e  Degree o f  
P h .D ., Glasgow, 1937)*
A sm all r o t a r y  pump h as  been  d es ig n ed  f o r  
o p e r a t io n  u n d er  th e  afo rem en tioned  c o n d i t io n s  a t  a  speed 
o f  up t o  1500 r . p . m . ,  and i s  i l l u s t r a t e d  in  f i g .  53 
o p p o s i t e .
The g land i s  lo n g e r  th a n  i s  p e rhaps  n e c e s s a ry ,  
b u t  a  long  g la n d  does n o t  need to  be t ig h te n e d  down as 
much a s  a  s h o r t e r  one, and r e s u l t s  in  l e s s  w ear. The 
pack ing  i s  s i m i l a r  in  form to  t h a t  o f  th e  s t i r r i n g  s h a f t  
o f  th e  h ig h  p r e s s u r e  a u to c la v e  m entioned above,
c o n s i s t i n g  o f  doubly cham fered gunm etal r i n g s ,  
betw een which a r e  two g r a p h i te d  le a d - a s b e s to s  pack ing  
w a s h e r s , /
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w ashers , each  1 /8 ” t h i c k  ( s e e  f i g .  54 fo l lo w in g ) .
ia '  ijwy n"**• I/#
P i g .  5 4 .  D e t a i l s  o f  G land .
The r in g s  a r e  doubly cham fered to  squeeze th e  w ashers 
on t o  b o th  g la n d  w a ll  and r o t o r  s h a f t .  The g la n d  n u t  
h a s  a  r ig h t -h a n d  th r e a d ,  and a s  i t  i s  t ig h te n e d  in  th e  
d i r e c t i o n  o f  r o t a t i o n  o f  th e  s h a f t ,  no lo c k in g  n u t  i s  
p ro v id e d .  The g la n d  i s  w a te r - ja c k e te d .
The r o t o r  s h a f t  i s  o f  m ild  s t e e l ,  and th e  l e n g th  
in  th e  g la n d  i s  chromium p la t e d  by th e  "F esco l"  p ro c e s s  
to  r e s i s t  wear. As th e  r o t o r  i s  so sm all an end b e a r in g  
in s id e  t h e  pump i s  u n n ec essa ry , th e  s h a f t  b e a r in g  b e in g  
made lo n g e r  th a n  u s u a l .
The g la n d  and b e a r in g  a re  b o th  l u b r i c a t e d  by 
g re a s e -g u n /
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g re a s e -g u n ,  and th e  pump i s  mounted v e r t i c a l l y  so 
t h a t  th e  l u b r i c a n t  w i l l  run  in to  th e  g lan d  r a t h e r  th a n  
in to  th e  r o t o r  chamber, th u s  av o id in g  th e  p o s s i b i l i t y  
o f  i t  b e in g  c a r r i e d  in to  t h e  p ip e  l i n e s .  F u rtherm ore , 
l u b r i c a n t  r a t h e r  th an  gas  w i l l  te n d  to  l e a k  from th e  
g la n d .  T h is  system o f  l u b r i c a t i o n  o b v ia te s  th e  need  
o f  an o i l  s e p a r a to r ,  which would in tro d u c e  a  co m p ara tiv e ly  
l a r g e  amount o f  dead-space  in to  th e  p l a n t .
The v a lv e  arrangem ent i s  d i f f e r e n t  from th e  
norm al ty p e  f o r  r o t a r y  pumps, th e  f i n  b e in g  f i t t e d  in to  
t h e  s id e  o f  th e  chamber and n o t in to  th e  r o t o r .  The 
f i n  c o n s i s t s  o f  th e  carbon  b ru sh  ( s e l f - l u b r i c a t i n g )  o f  
an  e l e c t r i c  m otor, and can e a s i l y  be  r e p la c e d  ( s e e  f i g . 53)
The pump i s  d r iv e n  by a  1 /4  h .p .  e l e c t r i c  motor 
mounted a t  r i g h t  a n g le s  to  i t  on th e  same b aseb o a rd , 
and i s  supported v e r t i c a l l y  by two sh o r t  le n g th s  o f  channel 
i r o n .  The p r e s s u r e  t h r u s t  i s  ta k e n  up by a  sm all S kefko  
SKF t a p e r  r o l l e r  b e a r in g  th r u s t - b lo c k .  In  o rd e r  to  
overcome f u r t h e r  s t r e s s  on th e  g lan d , t h e  power i s  
t r a n s m i t t e d  to  th e  pump th ro u g h  a  b e v e l  g e a r  which i s  
mounted on a c o u n te r s h a f t ,  th e  r a d i a l  t h r u s t  o f  t h e  g e a r  
d r iv e  b e in g  ta k e n  up by a  s in g le  t h r u s t  b a l l  b e a r in g .
T h is  c o u n te r s h a f t  i s  d r iv e n  by a  V-shaped ru b b e r  b e l t  
from /
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from th e  m otor. The arrangem ent i s  i l l u s t r a t e d  in  
f i g .  5 5 fo l lo w in g .
Q (  M O TO R
T==f e f l -
F i g .  5 5 .  D r iv e  t o  Pump.
PREHEATER.
T h is  c o n s i s t s  o f  a p ie c e  o f  so lid -d raw n  h e a t -  
r e s i s t i n g  s t e e l  tu b in g  12" lo n g , 3 /1 6 ” i . d .  x 1 /2 "  o .d .
I t  i s  screwed d i r e c t l y  on to  th e  r e a c t io n  v e s s e l ,  a 
hexagon n u t  b e in g  welded on a t  t h i s  end to  t a k e  a  spanner . 
T h is  tu b in g  i s  s ta n d a rd  s i z e ,  o b ta in a b le  from M essrs 
A cc le s  and P o llo ck ,  Birmingham. P i g . 48 which i l l u s t r a t e s  
t h e  assem bled r e a c t io n  chamber, a l s o  shows th e  method o f  
a t tac h m en t o f  t h e  p r e h e a te r .
H ea tin g .
C u rren t = 1 .5  amps, a t  250 v o l t s .
R e s is ta n c e  = 167 ohms.
P o r /
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For a  h e l i c a l  c o i l ,  o p e n - a i r  tem p era tu re  500°C, Nichrome 
V, B. & S. Gauge No. 27 r e q u i r e s  1 .46  amps.
R e s is ta n c e  o f  t h i s  w ire a t  800°C ( la g g e d  
te m p e ra tu re )  = 3*350  ohms p e r  f o o t .
Length r e q u i r e d  = 4 9 .8  f t .
Assuming th e  e x te r n a l  d iam ete r  o f  th e  fu rn a c e  form er 
to  be 3 /4 " ,  C ircum ference = 2 .35"
.*. No. o f  tu r n s  = 254.
.*. n " " p e r  i n .  on a  10 i n s .  fo rm er = 2 5 .
Depth o f  a s b e s to s  la g g in g  = 1 in .
CONDENSER.
This c o n s i s t s  o f  a  15 f t .  l e n g th  o f  so l id -d ra w n  
copper tu b in g ,  1 /16"  i . d .  x 1 /4 "  o .d .  i n  th e  form o f  a 
h e l i x  o f  4 i n s .  mean d iam ete r  and 1 /2  i n .  p i t c h .  The 
w a te r - j a c k e t  i s  made from g a lv a n is e d  s h e e t - i r o n .  D e t a i l s  
o f  th e  condenser are^ g iv en  in  th e  assem bly drawiihg o f  
th e  p la n t  on p . 191a.
PIPEWORK AND JOINTS.
F or f l e x i b i l i t y  a l l  th e  pipework i s  o f  s o l i d -  
drawn co p p e r  tu b in g ,  1 /1 6 " i . d .  x 1 /4 "  o .d .  T h is  w a ll  
th ic k n e s s  may ap p e a r  e x c e ss iv e ,  b u t  th e  f a c t o r  o f  s a fe ty  
in c o rp o ra te d  i s  i n  l i n e  w ith  t h a t  o f  th e  r e s t  o f  th e  
p l a n t /
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p l a n t .
A lthough e x c e l l e n t  f o r  h igh  p r e s s u r e  j o i n t s ,  
th e  I . C . I .  ty p e  o f  le n s  r in g  j o i n t  i s  to o  clumsy f o r  
such a sm all p la n t  a s  t h i s .  A ccordingly  an o rd in a ry  
u n io n  i s  employed, b u t  more ca re  has to  be  e x e rc is e d  
in  making th e  co n n e c tio n s .
The un ion  i s  made o f  b ronze , th e  j o i n t i n g  r in g  
b e in g  o f  l e a d .  The end o f  th e  p ip e  i s  screwed in to  th e  
u n io n  and s o f t - s o ld e r e d .  As a  f u r t h e r  p r e c a u t io n  th e  
th r e a d  i s  a l s o  so ld e re d .  F ig .  56 fo l lo w in g  i l l u s t r a t e s  
th e  ty p e  o f  un ion  employed.
5 / 8 '  WHIT.
f i g . 5 6 .  Union  i n  b ro n z e  f o r  c o l d  p ip e w o rk .
CONTROLS.
The la y - o u t  o f  th e  c o n t ro l  p an e l i s  shown in
f i g - /
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F i g .  5 7 .  C o n t r o l  P a n a l .
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f i g .  57 o p p o s i te .  A l l  c o n t ro ls  are  o p e ra te d  from th e  
f r o n t  o f  th e  p a n e l ,  and th e  p o s i t io n s  a r ra n g e d  so a s  
to  be most r e a d i ly  a c c e s s ib l e .
V alves .
The v a lv e s  used  a re  th e  I . C . I .  ty p e ,  f i n e -  
a d ju s tm e n t ,  f o r  c o n t ro l  and ' s t o p '  f o r  emergency blow- 
o f f .  ( f i g .  58 ) .  These have been found i n  p r a c t i c e
to  be v e ry  s a t i s f a c t o r y  ( s e e  P a r t  I I I )
5/8 WHIT
. F i g . 5 8 .  I . C . I .  t y p e .  F in e  a d j u s t m e n t  
V a l u e .
The g la n d  i s  s e a le d  by S.E.A . r in g s .  The stem s a re  
r a t h e r /
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r a t h e r  s le n d e r ,  and th e  n e e d le s  must n o t  be screwed 
down to o  h a rd  on th e  s e a t s .  For th e  emergency b lo w -o ff  
v a lv e  a  s h o r t  b a r  g r ip  i s  p ro v id ed  in  p la c e  o f  th e  
u s u a l  w heel, so t h a t  i t  can be opened more r e a d i l y .
P re s s u re -g a u g e s .
These a re  Budenberg s t e e l - t u b e ,  g as  gauges, 
r e a d in g  to  6000  l b / i n 2 f o r  3000 l b / i n 2 working p r e s s u r e .  
The d i a l  i s  6 n i n  d iam ete r  f i t t e d  w ith  s a f e ty  g l a s s  
and covered w ith  1 /4 "  s t e e l  w ire  mesh. The gauges a r e  
f i t t e d  w i th  p re s s u re -c h e c k s ,  b u t  n o t  w i th  i s o l a t i n g  
v a lv e s ,  th e  l a t t e r  b e in g  co n s id e red  u n n ec essa ry  f o r  such 
a  sm all p l a n t .  The gauges a r e  des igned  to  blow ou t 
th ro u g h  t h e  back in  case o f  f a i l u r e .  They a r e  mounted 
v e r t i c a l l y  a t  e y e - le v e l  in s id e  th e  c u b ic le  so t h a t  th e  
d i a l s  a r e  f lu s h  w i th  th e  f r o n t  p a n e l ,  a h o le  b e in g  cu t 
in  the  p a n e l .  The gauges a r e  i l l u m in a te d  by a  ' s t r i p -  
l ig h t*  mounted on th e  f r o n t  o f  th e  p a n e l .
E l e c t r i c a l .
A l l  e l e c t r i c a l  l e a d s  a r e  c a r r i e d  in  i r o n  p ip e s  
b eh in d  th e  p a n e l ,  and  a l l  e l e c t r i c a l  equipment which i s  
mounted beh in d  th e  p an e l i s  sc re en ed .
As can  be seen  from th e  i l l u s t r a t i o n  o f  th e
f r o n t /
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f r o n t  p a n e l ,  th e  e l e c t r i c a l  c o n t r o l s  a r e  grouped in  a 
co n v en ien t manner, e .g .  th o se  o f  th e  p r e h e a te r  to  th e  
l e f t ,  th o se  o f  th e  c i r c u l a t i n g  pump c e n t r a l  and th o s e  
o f  th e  r e a c t i o n  chamber t o  th e  r i g h t .  The fu se  b o ard  
i s  mounted on f r o n t  o f  th e  p a n e l ,  th e  f u s e - h o ld e r s  b e in g  
p o s i t io n e d  on i t  co rresp o n d in g  to  th e  c o n t r o l s .
The c u r r e n t  to  th e  p r e h e a te r  i s  c o n t r o l l e d  by 
a 100 ohm v a r i a b l e  r e s i s t a n c e ,  and in d ic a t e d  by an 
amme t e r  re a d in g  to  5 am ps., g rad u a ted  to  0 .1  amps. The 
r e s i s t a n c e  i s  o p e ra te d  by a  hand-wheel from t h e  f r o n t  
o f  th e  p a n e l .  The o n /o f f  sw itch  i s  th e  r o t a r y  ty p e .
The r e a c t i o n  chamber fu rn a ce  i s  c o n t r o l l e d  
s i m i l a r l y  to  th e  p r e h e a te r ,  excep t t h a t  th e  c o n t r o l l i n g  
r e s i s t a n c e  i s  250 ohms, and  th e  ammeter re a d s  to  10 amps, 
w ith  d iv i s io n s  o f  0 .2  amps.
The pump m otor speed i s  c o n t r o l l e d  by a  s t a r t e r -  
r e g u l a t o r  mounted from th e  back o f  th e  p a n e l ,  t h e  h a n d le  
p r o j e c t i n g  th rough  a  s l o t  in  th e  p a n e l .
An o p a l s t r i p - l i g h t  i l l u m in a te s  t h e  d i a l s ,  and 
i s  connec ted  in  p a r a l l e l  w ith  th e  power c i r c u i t  so t h a t  
i t  l i g h t s  when t h e  c u r r e n t  to  th e  p l a n t  i s  tu rn e d  on.
T h is  l i g h t  i s  mounted on a b ra c k e t  which r a i s e s  i t  4-" 
from th e  p a n e l .  A r e f l e c t o r  i s  f i t t e d  so t h a t  th e  l i g h t  
i s /
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i s  s h ie ld e d  from th e  o p e r a t o r ' s  eyes "but i l l u m in a te s  
th e  p r e s s u r e  gauges  above i t ,  and th e  ammeters, m i l l i -  
v o l tm e te r  and flowmeter below i t .
Tem perature.
The te m p era tu re  i s  read  a t  on ly  two e s s e n t i a l  
p o in t s ,  th e  c e n t r e  o f  th e  c a t a l y s t ,  and  th e  c e n t r e  o f  
th e  p r e h e a te r .
For t h e  fo rm er, t h e  therm ocouple i s  p la c e d  in  a 
w e l l ,  an d  f o r  th e  l a t t e r  i t  i s  f ix e d  to  th e  o u ts id e  o f  
th e  p r e h e a te r  tu b e ,  a t  t h e  c e n t r e  o f  th e  fu rn a c e .
Copper/Monel therm ocouples a re  employed, and 
th e  te m p era tu re  re a d  on a  c a l i b r a t e d  m i l l i v o l t m e t e r .
The sw itch es  a r e  th e  to g g le  ty p e  and a r e  mounted on a 
b a k e l i t e  s t r i p  p la c e d  im m ediately  below th e  m i l l iv o l t m e t e i  
A ran g e  sw itch  and s h o r t in g  sw itc h  a r e  p ro v id e d .  The 
m i l l i v o l t m e t e r  (Cambridge) i s  th e  s t r a i g h t - d i a l  ty p e ,  
and i s  mounted on a  b ra c k e t  on th e  back o f  th e  p a n e l ,  
b e in g  rea d  th ro u g h  an a p e r tu r e  c u t  in  th e  p a n e l  f o r  i t .
The c o ld - ju n c t io n s  a r e  s e p a r a te ,  i n  g l a s s  sh e a th s  p la c e d  
i n  a  vacuum f l a s k  c o n ta in in g  i c e .
Gas R a te .
The g as  r a t e  i s  i n d ic a t e d  by a Bosch f low  m e te r .
T h is /
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T h is  i s  o f  th e  swinging m e rc u ry - f i l l e d  U -tube ty p e  
and i s  i l l u s t r a t e d  in  f i g .  59 fo llo w in g .
H P GAS
----1
F i g . 59 .  Bosche F low m ete r .
The two ends o f  th e  s e m ic i r c u la r  tu b e  a r e  connec ted  to  
e i t h e r  s id e  o f  a s ta n d a rd  o r i f i c e  p la c e d  in  th e  i n l e t  
s id e  o f  th e  r e a c t io n  chamber. The co n n e c tio n s  to  th e  
U -tube  a r e  o f  c a p i l l a r y  h ig h  p r e s s u re  tu b in g ,  in  o rd e r  
to  i n t e r f e r e  a s  l i t t l e  a s  p o s s ib le  w ith  th e  f r e e  m otion 
o f  th e  tu b e . The ends o f  th e  tu b e  a r e  connected  by 
means o f  a yoke which i s  supported  a t  i t s  c e n t r e  by a 
fu lc ru m . The tu b e  i s  p a r t l y  f i l l e d  w i th  m ercury , and 
a s /
218
a s  t h e  flow in c r e a s e s ,  th e  mercury r i s e s  on th e  low- 
p r e s s u r e  s id e  o f  th e  U -tu b e , which swings abou t th e  
fu lcrum  to  keep th e  c e n t r e  o f  g r a v i ty  d i r e c t l y  below 
th e  p o in t  o f  su p p o r t .  This motion i s  m easured by a 
p o in t e r  moving over a s c a l e .  The flow m eter  i s  mounted 
from b e h in d  th e  p a n e l ,  a  h o le  b e in g  c u t  f o r  th e  d i a l .
T h is  in s trum en t r e q u i r e s ,  o f  c o u rse ,  t o  be 
c a l i b r a t e d  f o r  th e  g as  o r  m ix tu re  o f  g ases  b e in g  u sed , 
and f o r  d i f f e r e n t  o p e ra t in g  p r e s s u re s .  T h is  i s  most 
c o n v e n ie n t ly  done by p a s s in g  gas  u n d er  p r e s s u r e  th ro u g h  
th e  o r i f i c e  and m easuring th e  volume a t  a tm o sp h eric  
p r e s s u r e  p assed  in  a d e f i n i t e  tim e w ith  a  s te a d y  s c a le  
re a d in g  o f  t h e  flow m eter . The r a t e  i s  c o n t r o l l e d  by 
a f in e -a d ju s tm e n t  v a lv e  on th e  o u t l e t  s id e ,  and th e  
p r e s s u r e  by a s im i l a r  v a lv e  on th e  i n l e t  s id e ,  t h e  system 
o f  o p e ra t io n  employed f o r  th e  a ttem p ted  h y d ro g e n a t io n  o f  
ca rbon  monoxide to  form aldehyde in  P a r t  I I I .  C a l ib r a t e d  
g rap h s  a r e  p ro v id ed  f o r  u se  w i th  v a ry in g  d e n s i ty  o f  
c i r c u l a t i n g  g as ,  and f o r  d i f f e r e n t  o p e ra t in g  p r e s s u r e s .
The r a t e  o f  flow i s  v a r i e d  by a l t e r i n g  t h e  speed 
o f  t h e  ga3 c i r c u l a t i n g  pump. I t  i s  a l s o  f u r t h e r  v a r i e d  
by means o f  a pump b y e -p ass  v a lv e  which i s  an  I . C . I .  
f i n e  ad ju s tm en t ty p e  (fig.58p2J2j. The re a so n  f o r  t h e  
i n c lu s io n /
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in c lu s io n  o f  th e  l a t t e r  i s  t h a t  below a c e r t a i n  speed 
a r o t a r y  pump f a i l s  to  o p e ra te  s u c c e s s fu l ly .  The 
maximum v a r i a t i o n  i s  p o s s i b le ,  t h e r e f o r e ,  u s in g  th e  bye- 
p a s s  v a lv e .  When low r a t e s  o f  gas  flow a r e  r e q u i r e d  
to  save wear o f  th e  pump g la n d , th e  pump i s  ru n  a t  th e  
lo w es t speed com patib le  w i th  g r e a t e s t  e f f i c i e n c y .
O ther C o n t ro ls .
The main c o n t r o l  v a lv e s ,  namely, b lo w -o ff ,  
pump b y e -p a s s  and l i q u i d  p ro d u c t v a lv e ,  a r e  a l l  s i t u a t e d  
on th e  r i g h t  hand s id e  o f  th e  c o n t ro l  p a n e l .  A four-w ay 
d i s t r i b u t i o n  b lo ck , made o f  m ild  s t e e l  3 "  x  2" x  2 " ,  i s  
mounted on th e  f r o n t  o f  th e  p a n e l ,  and t o  i t  i s  f i t t e d  
a v a lv e  f o r  gas  sam pling . P ro v is io n  i s  made f o r  th e  
adm iss ion  o f  h ig h  p r e s s u re  gas  from c y l in d e r s  to  th e  
p l a n t  from t h i s  d i s t r i b u t i o n  b lo c k .  The f o u r th  l e a d  
from th e  b lo ck  i s  to  th e  to p  cover o f  th e  h ig h  p r e s s u re  
p ro d u c t  r e c e iv e r .  Note; th e  gas  i n  th e  p l a n t  i s  blown 
down to  a low p re s s u r e  g a s -h o ld e r ,  b u t  i f  r e q u i r e d  can 
be  r e tu r n e d  to  a  h ig h  p r e s s u re  s to ra g e  c y l in d e r  v i a  th e  
d i s t r i b u t i o n  b lo c k .
SUPPORT OF PLANT.
The r e a c t i o n  chamber, condenser and  h ig h  p r e s s u r e
p r o d u c t /
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p ro d u c t  r e c e iv e r  a re  a l l  b o l t e d  to p  and bottom  to  a 
v e r t i c a l  channel g i r d e r ,  1" x J "  x 1 " . They a re  h e ld  
r i g i d  by p i p e - c o l l a r s  2 1 /2"  long x f "  d ia .  one end 
b e in g  shaped to  f i t  th e  c ircum ference  o f  th e  v e s s e l .
The b o l t  i s  f i t t e d  w ith  a d i s c  w as te r ,  and  p a s s e s  th rough  
a  2" v e r t i c a l  s l o t  in  th e  su p p o r t in g  g i r d e r ,  a l lo w in g  
th e  v e s s e l  to  be r a i s e d  o r  lowered f o r  a d ju s tm e n t .  The 
method o f  support i s  shown in  f i g . 60 fo l lo w in g .
P I P E  C O I L A P .
f i g . 6 0 .  Method o f  s u p p o r t i n g  p l a n t .  .
EHECTION OF PLANT.
The u n i t  i s  enc losed  in  a c u b ic le ,  6 ’ h ig h ,
y  /
R E A C T O R  F U R N A C E .
P R E H E A T E R
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F R O N T  P A N E L S T IF F E N IN G  S T R IP
F i g . 6 1 .  Framework o f  P l a n t  C u b i c l e .
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y  wide and 18" deep a s  shown in  f i g .  61 o p p o s i t e .  The 
framework o f  th e  c u b ic le  i s  o f  1" x  2" x 1" channel 
i r o n ,  b o l t e d  to g e th e r  w ith  1 /2"  Whitworth b o l t s .  For 
r i g i d i t y  y  f i l l e t  p ie c e s  a r e  f ix e d  a t  th e  a n g le s ,  a s  
shown in  f i g .  61 . The su p p o r tin g  g i r d e r  s ta n d s  on a 
p ie c e  o f  1" x  J "  x  1" chann e l  i r o n  ru n n in g  from th e  
back  o f  th e  framework to  th e  f r o n t ,  and a t  th e  to p .b y  
two d i s t a n c e - p i e c e s  o f  1" x 1" ang le  i r o n  to  th e  f r o n t  
o f  th e  framework, f i l l e t t e d  a s  b e fo re .
The f r o n t  o f  th e  c u b ic le  i s  formed by a  p an e l 
o f  1 /4"  m ild  s t e e l  p l a t e ,  which i s  b o l t e d  by 1 /2"  
W hitworth b o l t s  to  th e  framework. The s id e s  a re  c lo sed  
by p a n e ls  o f  1 /8"  s t e e l  s h e e t ,  h in g ed  a t  to p ,  c e n t r e  and 
bottom  to  th e  f r o n t  framework. The back  o f  th e  c u b ic le  
c o n s i s t s  o f  two doors o f  1 /8 "  s t e e l  s h e e t ,  h inged  
s i m i l a r l y  to  th e  s id e  p a n e ls  to  th e  back framework.
Two side-members o f  1" x 2" x 1" channel i r o n  
ru n  between th e  s id e  su p p o r ts  a t  th e  bottom  o f  th e  
c u b ic le  a t  th e  back . The gas  c i r c u l a t i n g  pump and  motor 
a r e  mounted on a  wooden b a s e ,  7" t h i c k ,  and t h i s  b ase  
i s  b o l t e d  to  th e se  side-members.
The to p  co v er  o f  th e  c u b ic le  i s  rem ovable, and 
c o n s i s t s  o f  a  p ie c e  o f  g a lv a n ise d  s h e e t - i r o n  in  a 
r e c t a n g u la r /
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re c ta n g u la r  frame o f  1 /2"  x  1/2" a n g le - i r o n .
DRAUGHTING OF THE CUBICLE.
To p re v e n t  th e  escape o f  inflam mable o r  
po isonous g a se s  in to  th e  la b o ra to ry  in  th e  even t o f  a 
b u r s t  o r  s e r io u s  le a k ,  th e  c u b ic le  i s  d raugh ted  by a f a n ,  
which ex h au s ts  in to  a f lu e  le a d in g  to  t h e  ro o f  o f  th e  
l a b o r a to r y .  Connection to  th e  fan  duct i s  made by a 
p ie c e  o f  f l e x i b l e  s team -hose , 2" i n  d iam ete r ,  w hich i s  
a t t a c h e d  to  a  2" "neck" on th e  top  cover by a c l i p  band 
f o r  easy  rem oval.
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CHAPTER X I ,.
DISCUSSION OF DESIGN OF THE PLANT.
I t  can be seen from a study  o f  th e  d e s ig n  t h a t  
th e  p la n t  h as  a l l  th e  q u a l i f i c a t io n s  c o n s id e re d  n e c e ss a ry  
f o r  a la b o ra to ry  u n i t  ( p . 191). The ea se  and s im p l ic i ty  
o f  o p e ra tio n  and c o n tro l ,  to g e th e r  w ith  th e  ex trem ely  
la rg e  f a c to r  o f  s a fe ty  which i s  in c o rp o ra te d , en a b le s  
th e  o p e ra tio n  o f  t h i s  p la n t  to  se rv e  a s  a  means o f  
in tro d u c t io n  to  h ig ji p re s s u re  te c h n iq u e .
The p la n t  i s  designed  p r im a r i ly  f o r  th e  
m ethanol s y n th e s is ,  b u t i t  i s  e q u a lly  s u i t a b le  f o r  th e  
s tu d y  o f  o th e r  h ig h  p re s s u re , h ig h  te m p e ra tu re  gas 
r e a c t io n s .  F urtherm ore , i t  i s  e a s i ly  and sim ply  ad ap ted  
to  s u i t  r e a c t io n s  in v o lv in g  l iq u id s  in  th e  vapour p h ase .
The " c i r c u i t "  i s  ex trem ely  s im p le , th e  flo w - 
diagram  b e in g  shown in  f i g . 62 o p p o s ite , th e  gas flow  
b e in g  a s  fo l lo w s :-
Pum p-*Preheater-* R eac tio n  Chamber-* Condenser-*- 
H .P. P roduct Receiver-*Pum p.
F o r/
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F or s a fe ty  th e  p la n t  i s  housed  in  a 
d raugh ted  s t e e l  c u b ic le , th e  s id e s  o f  which a re  
h in g ed  f o r  easy  ac ce ss  to  th e  p la n t .  The c i r c u l a t i n g  
pump and m otor a re  a ls o  s i t u a te d  in  th e  c u b ic le .
For th e  c i r c u la t io n  o f th e  g a s , a 
d e p a r tu re  i s  made from u s u a l p r a c t i c e ,  a  r o ta r y  
pump b e in g  u sed  in  p la c e  o f  a r e c ip ro c a t in g  pump, 
f o r ,  as  a lre a d y  p o in te d  ou t on p . 206, a  r o ta r y  
c i r c u la t in g  pump i s  em inen tly  s u i t a b le  f o r  t h i s  p l a n t .  
Such a pump h as  been designed , and  i t  i s  a n t i c ip a te d  
t h a t  i t  w i l l  o p e ra te  s u c c e s s fu l ly .
E xperience  w ith  h ig h  p re s s u re  p la n t  h a s  
shown th a t  th e  tim e sp en t in  p re p a r in g  th e  p la n t  
f o r  an  experim ent i s  a t  l e a s t  5 tim es  a s  g r e a t  a s  
t h a t  o f  th e  a c tu a l  experim en t. Most o f  t h i s  tim e 
i s  ta k e n  up w ith  th e  f i t t i n g  to g e th e r  o f  th e  p la n t ,  
h e a t in g  to  th e  re q u ire d  te m p e ra tu re , and c o o lin g  
a f t e r  th e  experim en t, e t c .  In  th e  d es ig n  o f  t h i s  
sm all u n i t  th e  t im e - f a c to r  h as  been  g iv en  c a r e fu l  
c o n s id e ra tio n .
The/
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The r e a c t io n  v e s s e l  i s  opened by undoing  on ly  
fo u r  n u ts ,  th e  gas co n n ec tio n s b e in g  l e f t  u n d is tu rb e d .
The h ig h  p re s s u re  p ro d u c t r e c e iv e r  can a c tu a l ly  be 
removed by undoing on ly  th e  fo u r  cover n u ts ,  th e  two 
su p p o rtin g  b o l t s  and th e  un io n  to  th e  d ra in a g e  v a lv e  
a t  th e  bo ttom . Rapid h e a tin g  o f  th e  r e a c t io n  v e s s e l  
i s  accom plished  by w inding th e  h e a t in g  e lem en t d i r e c t l y  
on to  th e  body o f  the  v e s s e l ,  and by h av in g  a maximum 
elem ent tem p era tu re  v ery  much g r e a t e r  th a n  th e  maximum 
w orking tem p era tu re  o f  th e  p la n t .  Even more r a p id  
co o lin g  i s  e f f e c te d  by removing th e  fu rn a c e  la g g in g .
The dangerous n a tu re  o f  o p e ra t io n s  a t  h ig h  
p re s s u re  and h ig h  tem p era tu re  must n e v e r  b e  o v erlo o k ed  
by th o se  engaged on such work, and th e  r e g u la t io n s  in  
r e s p e c t  o f  th e  o p e ra tio n  o f  h ig h  p re s s u re  p la n t  m ust be 
s t r i c t l y  adhered  to  f o r  th e  w e llb e in g  o f  a l l  co n cern ed .
Such r e g u la t io n s  in c lu d e  th e  fo llo w in g  in s t r u c t io n s  
(T ech n ica l C hem istry D epartm ent, Royal T ec h n ica l C o lleg e , 
Glasgow)
(1 ) The r a t e  o f  p re s s u re  r i s e  in  v e s s e ls  must
n o t exceed a maximum f ig u r e ,  w hich i s  g iv e n  f o r  each v e s s e l .
(2 ) The r a t e  o f  te m p e ra tu re  r i s e  in  h ig h  p r e s s u re  
v e s s e ls  must a ls o  n o t exceed a  g iv e n  maximum f ig u r e .
O )/
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(3 ) No p re s s u re  j o i n t ,  w ith  th e  e x c e p tio n  o f 
g la n d  n u ts ,  may he a d ju s te d  u n d er p re s s u re .
(4 )  When d e a lin g  w ith  carbon  monoxide o r  o th e r  
po isonous g as , two o p e ra to rs  must be p r e s e n t ,  and ad eq u a te  
v e n t i l a t io n  en su red .
(5 ) When d ea lin g  w ith  oxygen o r o x id is in g  a g e n t,  
o i l  o r  g rea se  must be r ig o ro u s ly  exc luded  from th e  
i n t e r i o r  o f th e  p la n t .
(6 ) Care must be ta k e n  to  ensu re  t h a t  th e  g ases  
in  th e  p la n t  do n o t a t  any tim e form an e x p lo s iv e  m ix tu re .
(7 ) A lo g  book must be k ep t f o r  each  p la n t  f o r  
th e  in c lu s io n  o f  a l l  ex p erim en ta l d a ta ,  and m a tte r s  such 
a s  r e p a i r s ,  t e s t s ,  e tc .
(8 ) The e x te n t  o f  in d iv id u a l  r e s p o n s i b i l i t y  must 
be c l e a r ly  d e fin e d .
U n fo r tu n a te ly , due to  th e  p re s e n t  s i t u a t i o n ,  t h i s  
p la n t  i s  on ly  p a r t i a l l y  com pleted . As tim e d id  n o t p e rm it 
o f  de lay  in  th e  com pletion  o f  t h i s  work, a  sim ple a p p a ra tu s  
c o n s tru c te d  from p a r t s  o f  an  e x i s t in g  h ig h  p re s s u re  u n i t  
had to  be employed f o r  th e  h ig h  p re s s u re  ex p erim en ts  o f  
P a r t  I I I .
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CHAPTER XXI.
DISCUSSION OF EXPERIMENTAL RESULTS.
(1 )  THE DECOMPOSITION OF METHANOL.
The r e s u l t s  o f  t h i s  r e a c t io n  have been 
d isc u sse d  a lre a d y  in  d e t a i l ,  and th e r e f o r e  on ly  b r i e f  
re fe re n c e  to  them need be made.
The re d a c t io n  o f  th e  c a t a l y s t s  h as  shown 
i t s e l f  t o  be s tro n g ly  exotherm ic in  c h a r a c te r ,  th e  
degree  o f  th e  l a t t e r  co rresp o n d in g  to  th e  a c t i v i t y ,  
and n o t th e  com position  o f th e  c a t a l y s t .  The amount 
o f  r e d u c t io n , however, depends on th e  chromium c o n te n t .  
The tem p era tu re  r i s e  has been  c o n t r o l le d ,  so t h a t  i t  
was p o s s ib le  f o r  th e  re d u c tio n  to  p roceed  w ith  a  
maximum tem p era tu re  v a r i a t io n  o f  on ly  10°C. T h is  
c o n tro l  o f  re d u c tio n  c o n d itio n s  en su red  t h a t  
d is c re p a n c ie s  in  th e  r e s u l t s  due to  unequa l h e a t  
tre a tm e n t o f  th e  c a ta l y s t s  b e fo re  u se  were e l im in a te d .
The a c t i v i t y  o f  th e  c a t a l y s t s  f o r  th e  
r e a c t io n  i s  in  l i n e  w ith  th e  f in d in g s  o f  o th e r  w orkers 
( s e e  In tro d u c t io n ) .  These w orkers in v e s t ig a te d  th e  
problem  w ith  a  view to  f in d in g  th e  most a c t iv e  c a t a l y s t  
p o s s ib le  f o r  th e  m ethanol s y n th e s is ,  and  th e  p re s e n t  
in v e s t ig a t io n  d e a ls  w ith  th e  s u b je c t  in  g r e a t e r  d e t a i l .
A change in  th e  mechanism o f  th e  r e a c t io n
h a s /
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h as  been  shown to  o ccu r in  th e  re g io n  o f  }00°C , and 
i t  has been  su g g ested  t h a t  t h i s  i s  th e  te m p e ra tu re  a t  
which a c t iv a te d  a d s o rp tio n  s e t s  in ,  a s  th e  g r e a t e r  th e  
a c t i v i t y  o f  th e  c a t a l y s t ,  th e  low er i s  t h i s  te m p e ra tu re . 
At 400°C and above th e  r a t e  o f  r e a c t io n  i s  so f a s t  a s  
to  b e  -unaffected  by th e  com position  o f  th e  c a t a l y s t ,  
i . e .  a l l  th e  c a t a l y s t s  a r e  e q u a lly  a c t iv e  f o r  th e  
decom position  o f  m ethanol a t  t h i s  te m p e ra tu re . From 
300°C th e  in f lu e n c e  o f  c a t a l y s t  com position  on th e  
r e a c t io n  r i s e s  to  a  maximum, and th e n  f a l l s  a s  th e  
tem p era tu re  approaches 400°C.
The decom position  o f  m ethanol h a s  been  
shown to  be a  tw o -s tag e  p ro c e ss
(1 )  A d so rp tio n  o f  th e  m ethanol on th e  
c a t a l y s t ,  fo llo w ed  by
(2 )  D ecom position in to  ca rbon  monoxide and 
hydrogen .
A t low te m p e ra tu re s  t h i s  a d s o rp tio n  can  b e  m easured 
q u a n t i ta t iv e ly .  I t  must be b o rn e  in  mind, how ever, 
t h a t  th e  tim e o f  c o n ta c t  i s  g r e a t  in  t h i s  c a s e ,  and 
th e  p e rcen tag e  o f  m ethanol decomposed in c re a s e s  w ith  
th e  tim e o f  c o n ta c t  w ith  th e  c a t a l y s t .  M oreover, th e  
problem  was in v e s t ig a te d  u n d er c o n d i tio n s  s im i la r  to  
th e  normal decom position , i . e .  2 .6  gms. m ethanol i n  4 
l i t r e s  N2/ h r .  I t  i s  p ro b a b le , th e r e f o r e ,  t h a t  w ith  a 
lo n g e r /
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lo n g e r  tim e o f  c o n ta c t ,  th e  decom position  o f  m ethanol 
w i l l  commence a t  a  tem p era tu re  low er th a n  300°C.
I t  h a s  been dem onstra ted  t h a t  th e  p e rce n tag e  
o f  th e  e n te r in g  m ethanol decomposed depends on th e  
c o n c e n tra t io n  o f  th e  m ethanol in  th e  g as  s tream , and 
th e  gas r a t e  o ver th e  c a t a l y s t .  I t  h a s  been  su g g e s ted  
t h a t  th e  a c t i v i t y  sh o u ld  be d e fin e d  a s  a fu n c tio n  of 
th e  maximum r e a c t io n  r a t e ,  w hich i s  dependent o n ly  on 
te m p e ra tu re .
The e f f e c t s  o f  ex cess  carbon  monoxide and 
hydrogen on th e  r e a c t io n  a r e  s im i la r ,  a lth o u g h  from 
e q u ilib r iu m  c o n s id e ra tio n s  i t  was ex p ec ted  th a t  th e r e  
would be a d i f f e re n c e .  The r e a c t iv a t in g  e f f e c t  o f  
sm all a d d i t io n a l  c o n c e n tra t io n s  o f  hydrogen h a s  le d  
to  a  th e o ry  to  accoun t f o r  th e  v a r i a t io n  in  c a t a l y t i c  
a c t i v i t y  ex p e rien ce d . There i s ,  how ever, a  more marked 
d e g rad a tio n  o f  a c t i v i t y  w ith  tim e  in  th e  c a se  o f  
carbon  monoxide ( T able XX ) .
The c o n c lu s io n s  o f  C rax fo rd  and Hi d e a l 
p re v io u s ly  summarised have le d  to  a c a r e fu l  s c ru t in y  
o f  th e  r e s u l t s  o f  t h i s  in v e s t ig a t io n ,  g iv in g  r i s e  to  a 
th e o ry  th a t  th e  mechanism o f  th e  m ethanol s y n th e s is  may 
b e  p a r a l l e l  to  t h a t  o f  th e  F isc h e r-T ro p sc h  s y n th e s is ,  
in  th a t  th e  r e a c t io n  o ccu rs  by means o f  chem isorbed  
carbon monoxide and hydrogen , th e  f i n a l  s ta g e  b e in g  
m ethanol/
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m ethanol in s te a d  o f  lo n g -c h a in  h y d ro carb o n s.
I t  h a s  been  p o s tu la te d  th a t  th e  slow  f a l l  
in  a c t i v i t y  o f  th e  c a ta ly s t  i s  due to  th e  g ra d u a l 
ch em iso rp tio n  o f  carbon  monoxide and th e  subsequen t 
fo rm a tio n  o f c a rb id e . A f te r  a  s e r i e s  o f  t e s t s  w ith  
a c a t a ly s t ,  th e  f i r s t  a d d i t io n  o f  hydrogen (57^) b r in g s  
abou t a  d e f in i t e  r i s e  in  a c t i v i t y ,  to g e th e r  w ith  a  
sharp  f a l l  i n  th e  carbon  d io x id e  c o n te n t and r i s e  in  
th e  methane c o n te n t o f  th e  decom position  g a s e s .  In  
a subsequen t t e s t  w ith  th e  same amount o f  hydrogen , 
how ever, th e  methane c o n te n t d rops a g a in  (T ab le  xix , 
p . 104 ) .
As th e  hydrogen c o n te n t i s  in c re a s e d  u n t i l  decom­
p o s i t io n  ta k e s  p la c e  in  an  atm osphere o f  hydrogen, 
b o th  th e  carbon  d io x id e  and m ethane in c re a s e  F u r th e r ­
more, when carbon  monoxide i s  s u b s t i tu te d  f o r  hydrogen , 
th e r e  i s  a  d ec rease  in  th e  m ethane c o n te n t ,  and an 
in c re a s e  in  th e  carbon  d io x id e  c o n te n t ,when a  sm all 
p ro p o rtio n  (5£) i s  added to  th e  gas s tre a m . As th e  
c o n c e n tra tio n  o f  t h i s  carbon  monoxide i s  in c re a s e d , 
however, th e re  i s  a  d ec rease  in  th e  m ethane form ed, and 
an  in c re a se  in  th e  carbon  d io x id e .
I t  i s  e v id e n t, th e r e f o r e ,  t h a t  th e  carbon
monoxide/
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monoxide i s  chem isorbed on th e  c a t a l y s t ,  and p o s s ib ly  
form s a c a rb id e , w hich i s  removed, though  p ro b ab ly  
no t co m p le te ly , by hydrogen a s  m ethane; ex cess  carbon  
monoxide i s  a p p a re n tly  co n v e rted  to  ca rbon  d io x id e  and 
c a rb id e . As th e  c o n c e n tra t io n  o f  hydrogen in c re a s e s ,  
th e  amount chem isorbed in c re a s e s ,  i n h ib i t in g  c a rb id e  
fo rm atio n  by th e  removal o f  th e  chem isorbed carbon  
monoxide as methane and carbon  d io x id e  a c c o rd in g  t o  th e  
fo llo w in g  e q u a tio n :-
2COt2H2 = C02+CH4
I t  i s  p o s s ib le  a ls o  t h a t  th e  carbon  d io x id e  
and th e  methane a re  formed by th e  decom position  o f  
m ethyl fo rm a te : -
HCOOCH^  = C02+CH4 ,
b u t in  the- experim en ts  th e  amounts o f  carbon  d io x id e  
and methane formed were n o t e q u a l.
On th e  su p p o s itio n  t h a t  th e  c a t a l y s t  i s  
re p re s e n te d  by X, a p o s s ib le  mechanism o f  th e  a c t io n  
o f  carbon monoxide on th e  c a t a l y s t  i s  a s  f o l lo w s :-
A
(a )  C hem isorption o f  carb o n  monoxide,
X+GO —^X-CO
(b) C hem isorption  o f  hydrogen,
X+H  *X-H
(c) R eduction  o f  chem isorbed ca rbon  monoxide
by /
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by f u r th e r  carbon  monoxide, w ith  th e  fo rm atio n  o f  
c a rb id e  and carbon  d io x id e ,
X-CO+-CO - * x- c+go2 .
(d ) S ed u c tio n  o f th e  c a rb id e  by chem isorbed 
hydrogen, w ith  th e  p ro d u c tio n  o f  m ethane,
X-C + X-H —» X+CH4 .
As th e  p ro p o rtio n  o f  carbon d io x id e  in  th e  p ro d u c ts  
i s  always g r e a te r  th a n  th e  m ethane, i t  i s  e v id e n t 
from th e  above t h a t  i t s  fo rm atio n  i s  due to  r e a c t io n
(c )  above, and t h a t  th e  c a rb id e  i s Amore s ta b le  th a n  
th e  carbon monoxide com plex.
When a sm all excess o f  hydrogen i s  p r e s e n t ,  
i t  i s  s u f f i c i e n t  t o  reduce th e  c a rb id e  and i n h i b i t  
i t s  fo rm a tio n . As th e  c o n c e n tra t io n  o f  hydrogen 
in c re a s e s ,  th e  amount chem isorbed may in c r e a s e ,  w ith  th e  
r e s u l t  t h a t  r e a c t io n  o ccu rs  w ith  th e  chem isorbed carbon  
monoxide, p roducing  methane and carbon  d io x id e
(e )  X-CO + X-H“ »X*CH4  + C02 .
When th e  ex cess  hydrogen i s  r e p la c e d  by 
carbon monoxide, a  sm a ll ex cess  o f  th e  l a t t e r  w i l l  
te n d  to  i n h ib i t  th e  ch em iso rp tio n  o f  hydrogen and 
promote ca rb id e  fo rm a tio n . The r i s e  in  a c t i v i t y  due 
to  t h i s  sm all excess may be e x p la in e d  by  th e  r e a c t io n
( f )  X-CO + X-CO->X+X-C + co2
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ta k in g  p la c e , w ith  th e  fo rm atio n  o f  f u r th e r  a c t iv e  
su rfa c e  (X ). As th e  excess CO in c re a s e s ,  th e  amount o f  
ch em iso rp tio n  may in c re a s e ,  and c a rb id e  fo rm a tio n  
occur due to  r e a c t io n  ( c ) .
I t  i s  to  be remembered, how ever, t h a t  th e  
c a t a ly s t  u sed  by C raxford  and R id e a l i s  c o b a lt  prom oted 
by t h o r i a ,  and c o b a lt  i s  a  m etal w hich form s c a rb id e s  
e a s i l y .  A mixed ox ide c a ta ly s t  i s  u sed  in  th e  p re s e n t  
work, and though th e  word c a rb id e  i s  u se d , i t  must n o t 
be tak en  to  mean a  c a rb id e  a s  g e n e ra l ly  u n d e rs to o d  e .g .  
o f  c o b a l t ,  n ic k e l  o r  i r o n ,  b u t r a th e r  a  complex w ith  
th e  reduced  ox ide from w hich th e  carbon  can be l i b e r a t e d  
in  th e  form o f  methane o r carbon  d io x id e . The symbol X 
i s  u sed  to  r e p re s e n t a  c a t a l y s t ,  th e  com position  o f  
w hich in  th e  reduced  s t a t e  i s  unknown, and f o r  
s im p l ic i ty  X-C th e  c a rb id e  o r carbon  com plex.
I t  has been  shown t h a t  th e  a c t i v i t y  c o n tin u e s  
to  f a l l  in  th e  p re sen ce  o f  s l i g h t  ex c ess  o f  hydrogen , 
over a  long  p e r io d , and m oreover, th a t  an a d d i t io n a l  
in c re a s e  in  t h i s  hydrogen ex c ess  r e a c t i v a t e s  th e  
c a t a l y s t .  F u rth erm o re , th e  e f f e c t  o f  ex cess  carbon  
monoxide on th e  r e a c t io n ,  i s ,  t o  a l l  i n t e n t s  and 
p u rp o ses , s im ila r  to  t h a t  o f  hydrogen . I t  i s  th o u g h t 
im probable/
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im probab le, th e r e f o r e ,  t h a t  th e  e f f e c t  o f  th e  a d d i t io n  
o f  th e s e  g ases  in  excess o f  th e  amounts form ed in  th e  
r e a c t io n  i s  to  reduce th e  c a ta ly s t  f u r t h e r .  I t  i s  
more p robab le  t h a t  th e y  form a  com plexes o f  th e  ty p e  
m entioned above.
The e f f e c t  o f  ex p erim en ta l c o n d i t io n s  upon 
th e  fo rm atio n  o f form aldehyde d u rin g  th e  decom position  
o f  m ethanol was d i f f e r e n t  from t h a t  ex p ec ted  were th e  
f o r m e r  an in te rm e d ia te  p ro d u c t o f  th e  r e a c t io n .  The 
d is c re p a n c ie s  observed  however, to g e th e r  w ith  f r e e -  
energy d a ta , c a s t  doubt on th e  th e o ry  th a t  i t  i s  
in te rm e d ia te ly  form ed.
As a lre a d y  s t a t e d ,  m ethanol i s  ad so rb ed  on 
th e  su rfa c e  o f  th e  c a ta ly s t  f o r  an a p p re c ia b le  tim e 
p r io r  to  decom position . The a ttach m en t may be in  e i t h e r  
o f  two w ays:-
(1) P o la r , i . e .  th ro u g h  th e  hydrogen o f  th e  
hydroxyl g roup .
(2) N on-polar, i . e .  th ro u g h  ca rb o n .
On th e  evidence pu t fo rw ard  f o r  th e  mechanism o f  th e  
a d so rp tio n  o f  carbon  monoxide, i t  seems more p ro b ab le  
th a t  th e  a ttachm en t i s  n o n -p o la r , f o r  a s  has been  shown, 
carbon  monoxide i s  more r e a d i ly  r e ta in e d  by th e  c a t a l y s t  
th a n  hydrogen. I t  i s  d i f f i c u l t  t o  conceive o f  th e  
carbon /
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carbon  monoxide b e in g  l ib e r a te d  and th e n  read so rb e d , 
a s  would be th e  ca se  f o r  a ttachm en t th ro u g h  hydrogen . 
R a th er does i t  o f f e r  t h a t  th e  a ttach m en t o f  th e  m ethanol 
to  th e  c a ta ly s t  i s  th ro u g h  ca rb o n . There i s ,  how ever, 
no ex p erim en ta l evidence to  su p p o rt t h i s  s u p p o s i t io n .
(2) THE DECOMPOSITION OF FORMALDEHYDE.
The experim ents on th e  decom position  o f 
m ethanol have been re p e a te d , a s  f a r  as  p o s s ib le ,  -under 
s im ila r  c o n d itio n s  w ith  form aldehyde, in  o rd e r  to  o b ta in  
a  b a s is  o f  com parison.
The most n o tic e a b le  d if fe re n c e  betw een th e  
decom position  o f  form aldehyde and th e  decom position  o f  
m ethanol i s  th a t  th e  speed  o f  th e  form er i s  o f  a  much 
g r e a te r  o rd e r  than  t h a t  o f  th e  l a t t e r .  The form aldehyde 
i s  decomposed com plete ly  a t  te m p e ra tu re s  below  w hich 
m ethanol i s  alm ost undecomposed, w ith  s im i la r  c a t a l y s t s  
and r a t e s  o f  e n try  o f  form aldehyde and m ethano l. 
F u rtherm ore , a t  te m p e ra tu re s  a t  w hich th e  form aldehyde 
decom position r a t e  i s  s u f f i c i e n t l y  low to  be in f lu e n c e d  
by th e  com position  o f  th e  c a t a l y s t ,  th e  most a c t iv e  
c a t a ly s t  in  t h i s  case  i s  o f  d i f f e r e n t  co m p o sitio n  to  
th e  most a c t iv e  fo r  th e  m ethanol decom position  u n d er 
such /
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such c o n d itio n s .
As in  th e  case o f  th e  m ethanol decom position , 
th e  mechanism o f  th e  form aldehyde r e a c t io n  changes w ith  
te m p e ra tu re . The n a tu re  o f  th e  change in  mechanism 
i s ,  however, more com plica ted  in  th e  l a t t e r  c a s e .
From a study  o f  f i g s .  39 and 40 , (p p .iso a n d  152 )
i t  i s  e v id en t t h a t  th e re  a re  th r e e  d i s t i n c t  s t a g e s  
invo lved
(1) Form ation o f  w a te r  up to  250°C d e c re a s in g  as 
tem p era tu re  in c re a s e s  w ith  th e  appearance  o f  hydrogen 
in  th e  p ro d u c ts .
(2) P ro d u c tio n  o f  m ethano l, w hich in c re a s e s  w ith  
tem p era tu re  up to  about 300°C.
(3 ) Form ation o f  carbon  monoxide and hydrogen in  
app rox im ate ly  eq u a l p ro p o r tio n s  as  th e  te m p e ra tu re  r i s e s  
above th e  tem p era tu re  co rresp o n d in g  to  maximum m ethanol 
p ro d u c tio n , to g e th e r  w ith  a  f a l l  in  th e  l a t t e r .
The amount o f  carbon  d io x id e  p re s e n t  in  th e  
decom position p ro d u c ts  i s  v e ry  much g r e a te r  th a n  th e  
amount o b ta in ed  in  th e  case  o f  th e  m ethanol r e a c t io n ,  
and th e  amount d ec re ase s  a s  th e  te m p e ra tu re  o f  th e  
r e a c t io n /
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r e a c t io n  i s  r a i s e d ,  a n d , in  g e n e ra l ,  a s  th e  a c t i v i t y  
o f  th e  c a ta ly s t  in c re a s e s .  F u rth erm o re , a t  low 
te m p e ra tu re s , and where th e  c a ta ly s t  a c t i v i t y  i s  low, 
th e  amounts o f  carbon  d io x id e  and methane produced  a re  
approx im ate ly  e q u a l, b u t as  te m p e ra tu re  and a c t i v i t y  
in c re a s e , th e  f a l l  in  th e  methane p ro d u c tio n  i s  o f  
much g r e a te r  o rd e r  th a n  th a t  o f  carbon d io x id e .
I t  i s  p o s s ib le  t h a t  th e  p ro d u c tio n  o f  carbon  
d io x id e  and methane i s  due to  decom position  o f  m ethyl 
fo rm a te . In t h i s  c a se , however, carbon  d io x id e  and 
methane would be p re s e n t in  eq u a l am ounts, i r r e s p e c t iv e  
o f  th e  c o n d itio n s . T h is , how ever, i s  n o t th e  c a s e , th e  
methane fo rm ation  b e in g  a f f e c te d  t o  a  g r e a te r  e x te n t  by 
changes o f  c o n d itio n s  th a n  th e  carbon  d io x id e .
On th e  rea so n in g  p u t fo rw ard  w ith  re g a rd  to  
th e  chem iso rp tion  o f  carbon  monoxide and hydrogen on th e  
c a ta ly s t  in  th e  case  o f  th e  m ethanol d eco m p o sitio n , i t  
i s  ag a in  more p ro b ab le  t h a t  th e  fo rm a tio n  o f  carbon 
d iox ide  and methane i s  due to  i n t e r a c t i o n  betw een 
chem isorbed carbon monoxide and chem isorbed hydrogen , 
s in c e  in  th e  case  o f  fo rm aldehyde, eq u a l volum es o f 
hydrogen and carbon  monoxide a re  form ed, w h i ls t  m ethanol 
forms tw ice  a s  much o f  th e  fo rm er a s  th e  l a t t e r .  When 
th e  amounts o f  th e s e  g ases  on th e  c a t a l y s t  a re  e q u a l 
r e a c t io n s /
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r e a c t io n s  such  a s  th e  fo llo w in g  a re  p ro b ab le
2C0 + 2 ^  * C02 + CH4
M ethanol and w a te r  a re  form ed by secondary  
r e a c t io n s ,  and th e  form er i s  p a r t i c u l a r l y  i n t e r e s t i n g  
in  t h a t  th e  amount produced i s  n o t a l t e r e d  when th e  
r e a c t io n  i s  c a r r ie d  out in  th e  p resen ce  o f  hydrogen .
On th e  reaso n in g  o f C raxfo rd  and R id ea l ( l o c . c i t . )  t h i s  
i s  r e a d i ly  ex p la in e d  by th e  in t e r a c t io n  o f  th e  chem isorbed , 
o r  a c t iv e ,  hydrogen w ith  th e  adso rbed  fo rm aldehyde. I f  
l i t t l e  space rem ains on th e  su r fa c e  f o r  f u r th e r  chem i- 
s o rp tio n  o f hydrogen, th e  p resen ce  o f  excess hydrogen 
w i l l  have l i t t l e  o r  no e f f e c t  on th e  fo rm a tio n  o f  
m ethanol. The e f f e c t  o f  carbon  monoxide on th e  decom position 
can a g a in  be ex p la in e d  by re a so n in g ' s im i la r  t o  th a t  
advanced fo r  th e  e f f e c t  o f  t h i s  gas on th e  m ethanol 
decom position .
Even a t  290°C, th e  te m p e ra tu re  o f  maximum 
m ethanol p ro d u c tio n , th e r e  i s  p r a c t i c a l l y  no change in  
th e  p ro d u c tio n  o f  m ethanol when e i t h e r  hydrogen o r carbon  
monoxide i s  added to  th e  r e a c t io n .  T h is shows t h a t  th e  
s u r fa c e  o f  th e  c a ta ly s t  i s  alw ays f u l ly  s a tu r a te d  w ith  
form aldehyde o r r e a c t io n  p ro d u c ts .
On th e  i n i t i a l  in tro d u c t io n  o f form aldehyde to  
th e  c a ta ly s t  a  r i s e  in  te m p e ra tu re  i s  e x p e rie n c e d , s im i la r  
to /
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to  t h a t  o b ta in ed  in  th e  ca se  o f  m ethano l. There i s  no 
subsequent f a l l ,  however, when m ethanol i s  th e  p ro d u c t.
T h is i s  in  agreem ent w ith  th e  p roposed  method o f  fo rm a tio n , 
f o r  therm odynam ically  th e  r e a c t io n
HCH0+H2 = CH^OH. 
i s  exo therm ic. When th e  mechanism changes from th e  
p ro d u c tio n  o f  m ethanol to  th e  p ro d u c tio n  o f carbon 
monoxide and hydrogen, t h i s  te m p e ra tu re  in c re a s e  i s  
fo llow ed  by a dec rease  a s  ex p e rien ced  in  th e  m ethanol 
decom position . I t  i s  ev id en t t h a t  a d s o rp tio n  ta k e s  
p la c e  p r io r  to  decom position a s  in  th e  case  o f  m ethano l.
When th e  r e a c t io n  i s  c a r r i e d  ou t in  an  atm osphere 
o f  hydrogen, th e  v a r ia t io n s  in  th e  p ro d u c tio n  o f  carbon  
d io x id e  and methane a re  s im i la r  to  th o s e  produced  by th e  
decom position o f  m ethanol under s im i la r  c o n d i t io n s .  The 
e f f e c t  o f  excess carbon  monoxide, how ever, on th e  r e a c t io n  
appears to  be th e  fo rm atio n  o f  la rg e  q u a n t i t i e s  o f  gaseous 
u n s a tu ra te d  compounds. No such  fo rm a tio n  o f  u n s a tu ra te d  
compounds r e s u l t s  in  th e  ca se  o f  m ethano l.
( 3 ) HIGH PRESSUBE EXPERIMENTS.
(a )  A ttem pted s y n th e s is  o f  fo rm aldehyde.
I t  has been  dem onstra ted  t h a t  -under th e  
ex p erim en ta l c o n d itio n s  h o ld in g , carbon  monoxide and 
hydrogen cannot be made to  combine to  form form aldehyde 
i n /
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in  any a p p re c ia b le  q u a n t i ty .  Even when c o n d itio n s  o f  
tem p era tu re  and p re s su re  were changed so a s  to  fav o u r 
m ethanol p ro d u c tio n , t h i s  was no t form ed, n o r was 
a d d i t io n a l  form aldehyde formed (p . 1 7 0 ) At 
a tm ospheric  p re s su re  th e  c a ta l y s t s  u sed  were a c t iv e  in  
th e  decom position o f  b o th  th e s e  compounds. The absence 
o f  th e  form er compound in  p a r t i c u l a r  in d ic a te s  e i t h e r
(a ) The c a ta ly s t  i s  much more a c t iv e  f o r  th e  
decom position o f  b o th  m ethanol and form aldehyde 
th a n  fo r  t h e i r  s y n th e s is .
o r
(b) The c o n s tru c t io n a l  m a te r ia l  o f  th e  h ig h  p re s s u re  
r e a c t io n  v e s s e l  e x e r ts  an i n h ib i t in g  in f lu e n c e  
on th e  s y n th e s is .
I t  i s  im probable t h a t  th e  m eta l o f  th e  r e a c t io n  chamber 
in h i b i t s  th e  r e a c t io n  t o  such  a  d eg ree , and th e  form er 
i s  assumed to  be th e  more p ro b ab le  e x p la n a t io n .
T races o f  carbon d io x id e  and methane a re  
found in  th e  g ases  is s u in g  from th e  r e a c t io n  cham ber, 
th e  form er b e in g  in  s l i g h t  e x c e s s . T h is  su p p o r ts  th e  
th e o ry  pu t fo rw ard  f o r  th e  ch em iso rp tio n  o f  hydrogen and carbon 
ffuMXMTfete an th e  c a ta ly s t  ( p . 232 ) .
(fc) ATTEMPTED synthesis of methanol.
As in  th e  case  o f  th e  a ttem p t t o  s y n th e s is e  
form aldehyde, th e  a ttem p ted  s y n th e s is  o f  m ethanol was 
a l s o /
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a ls o  a  f a i l u r e ,  a lth o u g h  e q u ilib r iu m  d a ta  in d ic a te  
th a t  under th e  ex p erim en ta l c o n d it io n s  la rg e  y i e ld s  o f  
m ethanol a re  to  be ex p ec te d . In  t h i s  ca se  th e  c a t a l y s t  
most a c t iv e  in  th e  decom position  o f  m ethanol was 
employed, w h ile  in  th e  a ttem p t to  s y n th e s is e  form aldehyde 
th e  c a ta ly s t  most a c t iv e  in  th e  decom position  o f 
form aldehyde was u se d . T races o f  m ethane and carbon  
d io x id e  were a ls o  o b ta in e d .
(c )  ATTEMPTED HH>ROGENATION OF FORMALDEHYDE .
Therm odynam ically t h i s  i s  a  spon taneous 
r e a c t io n ,  i . e .  i t  shou ld  prooeed  even w ith o u t th e  
a p p l ic a t io n  o f  p r e s s u re .  The r e s u l t s  o f  t h i s  s e r i e s  o f  
experim en ts show d e f in i t e ly  t h a t  u n d er th e  c o n d itio n s  
p r e v a i l in g  p o ly m e risa tio n  in  p re fe re n c e  to  h y d ro g en a tio n  
o f  th e  form aldehyde ta k e s  p la c e .  P re s su re  a lo n e  i s  
s u f f i c i e n t  to  b r in g  about t h i s  r e a c t io n  a t  th e  te m p e ra tu re s  
employed, a lth o u g h  th e  p re se n ce  o f  hydrogen g r e a t ly  
red u ces th e  c h a rr in g  o f th e  form aldehyde w hich no rm ally  
ta k e s  p la c e  in  th e  absence o f  hydrogen .
I t  i s  e v id e n t , th e r e f o r e ,  t h a t  w ith  c a t a l y s t s  
o f  th e  ty p e  u se d , form aldehyde can on ly  be hyd rogenated  
to  m ethanol by  means o f  th e  hydrogen l i b e r a t e d  by  i t s  own 
decom position . T h is  hydrogen i s  most p ro b ab ly  chem isorbed , 
and/
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and thus^ in  an a c t iv e  form , a s  th e  p re sen ce  o f  an ex cess  
o f  m olecu lar hydrogen does no t in c re a s e  th e  h y d ro g en a tio n  
o f  th e  form aldehyde.
(4) FORMALDEHYDE: INTERMEDIATE COMPOUND OR BYE- PRODUCT?
At 300-400°C. th e re  a re  two c o u rse s  w hich 
a re  p o s s ib le  fo r  th e  decom position  o f  m ethanol
(1 ) CH^OH —* HCHD + H2 •
CO + h2 .
(2 ) CHjOH —» CO + 2H2 .
U n fo r tu n a te ly , th e  decom position  o f  form aldehyde in  t h i s  
range  o f  te m p era tu re s  w ith  th e  m ethanol c a t a l y s t s  i s  
much more r a p id  th a n  th e  decom position  o f  m ethanol 
w ith in  t h i s  ra n g e .
I f  th e  r e a c t io n  i s  s te p w ise , i t  i s  th e  p re ­
lim in a ry  s te p :  CH^OH —'►ECHO+H2 , w hich d e te rm in es  
th e  r a t e  o f  decom position , f o r  th e  decom position  r a t e  
o f  form aldehyde has been shown to  b e  v e ry  much f a s t e r  
th a n  th a t  o f  m ethano l. But t h i s  s te p  in  th e  r e a c t io n  
in v o lv e s  an in c re a s e  in  f re e -e n e rg y  (see  p . 34 ) ,  and 
i s  th e re fo re  no t spon taneous a t  a tm o sp h eric  p re s s u re  and 
th e  te m p era tu re s  em ployed. M oreover, f o r  a s t e p - r e a c t io n  
to  ta k e  p la c e ,  each  o f  th e  s te p s  must be sp o n ta n e o u s . 
T h e re fo re , from therm odynam ical c o n s id e ra t io n s  (p . 28 )
th e /
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th e  decom position o f  m ethanol between 300 and 4001°C. 
a t  atm ospheric p re s s u re  can -n o t be th ro u g h  th e  
in te rm e d ia te  p ro d u c tio n  o f  form aldehyde.
The experim ented  ev id en ce , though n o t o f  
i t s e l f  s u f f i c i e n t  p ro o f  o f  th e  co u rse  o f  th e  m ethanol 
decom position , when c o n s id e red  in  co n ju n c tio n  w ith  
th e  f re e -e n e rg y  d a ta  o f  th e  s te p s  in v o lv e d , i s  
s u f f i c i e n t  to  a llow  o f  th e  s ta tem en t t h a t  form aldehyde 
i s  n o t th e  in te rm e d ia te  p ro d u c t o f  th e  deco m p o sitio n , 
o f  m ethanol a t  a tm ospheric  p re s s u re ,  and t h a t  th e  
r e a c t io n  i s  as re p re s e n te d  by th e  eq u a tio n
CH^ OH = CO + 2H2 .
I t  w i l l  have been n o tic e d  t h a t  th e  chem i- 
s o rp tio n  o f  hydrogen and carbon  monoxide i s  p o s tu la te d ,  
and a ttem p ts  have been made to  f in d  a  s u i t a b le  mechanism 
o f  r e a c t io n  between th e s e  su b s tan ce s  to  accoun t f o r  th e  
phenomena n o te d . I t  was th o u g h t, how ever, t h a t  th e  
ex p erim en ta l ev idence p u t forw ard  co u ld  be p r o f i t a b ly  
supplem ented, and th e r e fo r e  experim en ts  have r e c e n t ly  
been c a r r ie d  ou t w ith  t h i s  o b je c t  in  view .
The r e s u l t s  (p . 252) have shown t h a t  a t  
ex p erim en ta l te m p e ra tu re s  (c .3 6 0 °C .)  th e r e  i s  b u t s l i g h t  
tendency  to  c a rb id e  fo rm a tio n , depending on th e  a c t i v i t y  
o f  th e  c a ta ly s t  and n o t on i t s  chem ical co m p o sitio n . 
Large amounts o f  carbon  monoxide and hydrogen a re  
r e ta in e d /
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re ta in ed , by th e  c a t a l y s t  a t  th e s e  te m p e ra tu re s , how ever, 
and. can on ly  be removed, by h e a t in g  to  mugh h ig h e r  
te m p e ra tu re s . There i s  s t i l l ,  m oreover, no ev idence 
o f  in c re a se d  c a rb id e  fo rm atio n  w ith  in c re a s e d  te m p e ra tu re . 
The r e s u l t s ,  however, a re  d isc u sse d  in  d e t a i l  in  th e  
Supplem ent.
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CHAPTER XXII.
CONCLUSIONS.
THE MECHANISM OF THE DECOMPOSITION AND SYNTHESIS OF 
METHANOL.
In  view  o f  th e  ev idence p u t fo rw ard , i t  i s  
p o s s ib le  t h a t  th e  mechanism o f  th e  m ethanol r e a c t io n  
i s  p a r a l l e l  to  th a t  su g g ested  by C raxfo rd  and R id ea l 
( l o c . c i t )  f o r  th e  F isch e r-T ro p sc h  r e a c t i o n : -
METHANOL DECOMPOSITION.
T his r e a c t io n  in v o lv e s  two s t e p s : -
(1 ) S o rp tio n  o f  th e  m o lecu le ,
X+ CH,OH-»X-COH
3
(2 ) D eso rp tion  w ith  d eco m p o sitio n : -
( T h e  c a t a l y s t  i s  d e n o t e d  b y  X  f o r  s i m p l i c i t y  a n d  t h e  
a t t a c h m e n t s  b e t w e e n  c a t a l y s t  a n d  m o l e c u l e  b y  t h e  
u s u a l  b o n d ,  e .g .  X-H. )
C o n c u r r e n t  s i d e - r e a c t i o n s  c a n  o c c u r  a s  f o l l o w s : -
(a )  F o r m a t i o n  o f  f o r m a l d e h y d e .
X-QOH—* CO + 2H.■2
HCHO + H2 o r X-C 0 + X-H —> HCHO + X.
( b )  F o r m a t i o n /
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(b) Form ation o f  carbon d io x id e ,
X-CO + CO~-*X-C + C0? ( ty p e  o f  c a rb id e
fo rm a tio n )
(c )  Form ation o f  m ethane,
X-C + X-H—* X+ CH4 ; X-CO + X-H->X+ C02 + CH4 e tc .  
As th e  amount o f  carbon d io x id e  produced  i s  alw ays g r e a te r  
th an  th e  m ethane, i t  i s  p ro b ab le  t h a t  th e  ch em iso rp tio n  
o f  carbon monoxide i s  p r e f e r e n t i a l  to  th e  ch em iso rp tio n  
o f  hydrogen.
I t  i s  p r e f e r a b le  a t  t h i s  p o in t  to  d is t in g u is h  
th e  v a r io u s  ty p e s  o f  s o rp tio n  to  which re fe re n c e  i s  
made.
S o rp tio n . A ttachm ent in  g e n e ra l  to  th e  c a t a l y s t  s u r f a c e .  
A d so rp tio n . A ttachm ent o f  a compound o r  e lem ent to  th e
c a ta ly s t ,b e in g  rem ovable ag a in  in  th e  o r ig in a l  
form.
C hem isorp tion . A ttachm ent o f  th e  su b s tan ce  to  th e  c a t a l y s t  
in  th e  form o f  a  compound, rem ovable in  
th e  o r ig in a l  form o n ly  by  extrem e m easu res, 
e .g .  h e a t in g  to  v e ry  h ig h  te m p e ra tu re s . 
D eso rp tio n . Removal from th e  c a t a l y s t  in  th e  o r ig in a l  form 
o r o th e rw ise .
METHANOL SYNTHESIS.
A lthough th e  in te rm e d ia te  p ro d u c tio n  o f  
form aldehyde/
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form aldehyde in  th e  decom position  o f  m ethano l a t  
a tm ospheric  p re s s u re  i s  therm odynam ically  im p o s s ib le , 
i t s  in te rm e d ia te  p ro d u c tio n  in  th e  s y n th e s is  i s  
therm odynam ically  p o s s ib le .  I t  i s  su g g e s te d  t h a t  th e  
m ethano l s y n th e s is  in v o lv e s  th e  fo llo w in g  s t e p s ,  ag a in  
r e p r e s e n t in g  th e  c a t a l y s t  by X :-
(a )  C hem isorp tion  o f  carbon  monoxide,
X+ C O X - C O
(b) C hem isorption  o f  hydrogen ,
X+ H—»X-H.
(c )  R eac tio n  betw een chem isorbed carbon  monoxide 
and m o lecu la r  hydrogen to  form m e th a n o l,
X-CO + H2 ~»X  + CH^OH.
A lthough i t  i s  therm odynam ically  p o s s ib le  
t h a t  form aldehyde can be th e  in te rm e d ia te  p ro d u c t in  th e  
m ethano l s y n th e s is ,  i t  i s  c o n s id e re d  u n l ik e ly  in  v iew  
o f  th e  marked ten d en cy  to  p o ly m erise  u n d er p r e s s u r e  o f  
hydrogen r a t h e r  th a n  reduce  to  m ethano l w ith  th e  
c a t a l y s t s  em ployed. F u rth e rm o re , i t  i s  e v id e n t t h a t  
form aldehyde can o n ly  be reduced  to  m ethano l w ith  
chem isorbed hydrogen , and m oreover, t h a t  ca rbon  monoxide 
i s  p r e f e r e n t i a l l y  chem isorbed to  h yd rogen . I t  i s  
th e r e f o r e  c o n s id e re d  u n l ik e ly  t h a t  th e  a p p l ic a t io n  o f  
p r e s s u re  w i l l  overcome t h i s  p r e f e r e n t i a l  s o r p t io n  to  
fa v o u r /
fav o u r th e  fo rm ation  o f  form aldehyde and i t s  subsequen t 
re d u c tio n  in  p re fe re n c e  to  i t s  p o ly m e risa tio n  to  
m ethyl fo rm ate .
FOBMALDEHYDE DECOMPOSITION.
I t  has been shown th a t  th e r e  a re  th r e e  co u rse s  
which th e  r e a c t io n  can ta k e ,  depending on th e  te m p e ra tu re . 
Using th e  fo reg o in g  n o ta t io n ,  th e  r e a c t io n s  in v o lv e d  
a re  as fo llow s
(a )  Low te m p e ra tu re , w a te r fo rm a tio n ,
H TTX + HCHO X-CO 2 T X-C+ H20
(b) Medium te m p e ra tu re , m ethanol fo rm a tio n ,
H H
X+HCHO-* X-CO; X-CO + X-H-»X + CH7OH.
H H >
(c )  High te m p e ra tu re , carbon  monoxide and
hydrogen fo rm a tio n ,
H
X + HCHO-*X-CO—*X-H]0+H~
H d
EXPERIMENTAL WORK.
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CHAPTER X X III.
FURTHER INVESTIGATION OF THE MECHANISM OF SURFACE PHENOMENA.
I t  has a lre a d y  been p o s tu la te d  t h a t  r e a c t io n s  
occur between hydrogen and carbon monoxide chem isorbed 
on th e  c a t a l y s t ,  and th e s e  experim en ts  were c a r r i e d  o u t 
in  an e f f o r t  to  dem onstra te  th e s e  r e a c t io n s ,  and 
p a r t i c u l a r ly ,  to  determ ine i f  c a rb id e  fo rm a tio n  o c c u rre d , 
and to  what e x te n t .  The experim en ts a r e ,  o f  c o u rse , 
on ly  q u a l i t a t iv e .
METHOD.
M ethanol was p assed  o v er 10 c c s .  o f  a  f r e s h ly  
reduced  c a ta ly s t  f o r  a  p e r io d  which was judged  to  be 
s u f f i c i e n t  fo r  th e  a c t i v i t y  to  have r i s e n  to  a  maximum 
(3 h o u rs)  ( se e  f i g .  27, p . 1 0 5 ). The c o n d it io n s  were 
such th a t  each c a t a ly s t  had decomposed a t  l e a s t  5 gms. 
o f  m ethanol a t  360°C. p re v io u s  to  b e in g  exam ined.
When t h i s  q u a n t i ty  o f  m ethanol had been 
decomposed, th e  c a t a l y s t  was th o ro u g h ly  f lu sh e d  a t  360°C. 
w ith  n itro g e n  (10 l i t r e s  in  15 m in u te s ) . The n i tro g e n  
was now re p la c e d  w ith  a  slow  stream  o f  hydrogen (3 l i t r e s  
p e r  h o u r) th e  tem p era tu re  b e in g  m a in ta in ed  a t  360°c. The 
f i r s t  300  c c s .  o f  t h i s  hydrogen were c o l le c te d  and 
an a ly se d /
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an a ly sed , and a lso  th e  l a s t  300 ccs
n i t r o g e n .
RESULTS.
GAS ANALYSES.
C a ta ly s t  Com oosition 18 .8  mol% Zn.
F lu sh in g  N itro g en .
co2 . n i l .
CO 0.3%
22 tr a c e
ch4 n i l .
C a ta ly s t  Com oosition 68 .8  mol% Zn.
F lu sh in g  N itro g en .
co2 n i l .
CO 0.4%
22 n i l
ch4 n i l
C a ta ly s t  Com oosition 77 mol% Zn.
F lu sh in g  N itro g en .
co2 N il.
CO 0.2%
22 n i l
ch4 n i l
F lu sh in g  Hydrogen, 
l.C#
2 .6%
0 . 6%
F lu sh in g  Hydrogen. 
0.5%
2 . 0%
2 . 0%
F lu sh in g  Hydrogen. 
0.4%
1 .0%
0.3%*
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The c a ta l y s t s  were examined f u r th e r  by o v e r­
h e a tin g  to  450°C. and f lu s h in g  w ith  n i tro g e n  and hydrogen 
a t  t h i s  te m p e ra tu re . The c a ta ly s t s  a lre a d y  u sed  were 
caused to  decompose a f u r th e r  2 - 3  of* m ethanol
a t  360°C. ,  and were th e n  th o ro u g h ly  f lu sh e d  w ith  n i tro g e n  
a t  t h i s  te m p e ra tu re . The f lu s h in g  was th e n  s to p p e d , and 
th e  tem p era tu re  r a i s e d  as q u ic k ly  as p o s s ib le  to  450°C.
At t h i s  tem p era tu re  th e  n i tro g e n  flow  was c o n tin u e d , b u t 
a t  a r a t e  o f  3 l i t r e s  p e r  h o u r. 300 c c s .  were c o l le c te d  
a t  t h i s  r a t e  f o r  a n a ly s is .
When t h i s  sample had  been c o l le c te d ,  th e  
c a t a ly s t  was th o ro u g h ly  f lu sh e d  as b e fo re , and th e n  
re p la c e d  by a  slow  stream  o f  hydrogen (3 l i t r e s  p e r  h o u r ) , 
th e  f i r s t  300 c c s . b e in g  c o l le c te d  f o r  a n a ly s i s .  The 
o b je c t  o f  t h i s  p rocedu re  was to  remove any adso rbed  g ases  
w ith  n i tro g e n , le a v in g  c a rb id e , th e  l a t t e r  b e in g  decomposed 
by th e  hydrogen to  form m ethane.
GAS ANALYSES.
F lu sh in g  Hydrogen. 
0.4%
0 . 8%
1 .0%
C a ta ly s t Com oosition 18 .8  mol% Zn.
F lu sh in g  N itro g en .
C02 11.4%
CO 14.0%
IL, 36.2%
CH4 0.5%
2 5 4  -
C a ta ly s t Com position 68 .8  mol$ Zn.
F lu sh in g  N itro g en . F lu sh in g  Hydrogen. 
C02 0 .2$  0 .2 $
CO 8 .4$  1 .4 $
h2 16 .6$
CH4 n i l .  2 .0$
I t  was n o tic e d  th a t  on f lu s h in g  th e  c a t a l y s t  
o f  low z in c  c o n te n t w ith  n i tro g e n  a t  450°C. t h a t  some 
w ater was evolved , h u t n o t w ith  hydrogen . T h is was 
th e  o n ly  occasion  on which w ater was observed  to  be 
evolved .
The la rg e  amount o f  w ater and carbon  d io x id e  
evolved when th e  c a t a l y s t  o f  h ig h  chromium c o n te n t was 
f lu sh e d  w ith  n itro g e n  a t  450°C. cannot be s a t i s f a c t o r i l y  
ex p la in e d  excep t by th e  f u r th e r  re d u c tio n  o f  th e  
chromium ox ide by chem isorbed hydrogen and chem isorbed 
carbon monoxide.
DISCUSSION OF RESULTS.
The r e s u l t s  show d e f i n i t e l y  t h a t  th e r e  i s  
b u t l i t t l e  tendency  to  c a rb id e  fo rm a tio n , and t h a t  
t h i s  in c re a se s  s l i g h t l y  w ith  c a t a l y s t  a c t i v i t y .
I t /
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I t  i s  im probable t h a t  th e  methane i s  formed
by in te r a c t io n  o f  hydrogen and carbon monoxide on th e
c a t a ly s t ,  f o r  acco rd ing  to  th e  eq u a tio n ,
2C0 + 2 ^  = C02 + CH4 ,
an eq u a l volume o f  carbon d io x id e  i s  a ls o  form ed.
N ote: The above eq u a tio n  i s  a com bination  o f  th e  two
fo llo w in g  eq u a tio n s
( i )  CO + 3H2 = ch4 + h2o
( i i )  CO + H20 = C02 + H2
I t  i s  ev id e n t t h a t  co m p ara tiv e ly  la rg e  
amounts o f  carbon monoxide and hydrogen can be 
r e ta in e d  on th e  c a ta ly s t  w ith o u t r e a c t in g  to g e th e r  a t  
}60°C and th a t  when th e  tem p era tu re  i s  r a i s e d  to  450°C. 
th e s e  g ases  a re  desorbed in  p re fe re n c e  to  r e a c t in g  
to g e th e r .  This i s  s u r p r i s in g  in  view  o f  th e  la r g e  f re e  
energy d ec re ase s  o f  th e  two m ethane r e a c t io n s  m entioned 
above. This means t h a t  th e  X-CO complex m entioned 
p re v io u s ly  i s  v e ry  s ta b le .
I t  i s  h ig h ly  p ro b ab le  t h a t  th e  r e a c t iv a t in g  
e f f e c t  o f  o v e rh e a tin g  th e  c a t a l y s t  ( se e  T able IV, p . 70) 
i s  due to  th e  d e so rp tio n  o f  carbon monoxide and hydrogen. 
I t  i s  a lso  p ro b ab le  t h a t  ch em iso rp tio n  as w e ll as  
a d so rp tio n  (see  d e f in i t io n s ,  p . 247) ta k e s  p la c e ,  th e  
amount o f  ch em iso rp tio n  g ra d u a l ly  in c re a s in g  ( i . e .  X-CO 
and /
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and X-H in c re a s in g )  w ith  a  co rresp o n d in g  slow  f a l l  in  
c a t a l y t i c  a c t i v i t y .
As th e  r e s u l t s  show t h a t  th e r e  i s  l i t t l e  o r  
no tendency  f o r  th e  chem isorbed carbon monoxide to  r e a c t  
e i t h e r  w ith  m o lecu lar o r  chem isorbed hydrogen , i t  i s  
p ro b ab le  th a t  in  th e  s y n th e s is  o f  m ethanol from carbon  
monoxide and hydrogen under p re s s u re ,  chem isorbed 
carbon monoxide r e a c ts  w ith  m o lecu lar hydrogen to  produce 
m ethano l, and w ith  chem isorbed hydrogen to  form s id e  
r e a c t io n s  ( e .g .  m ethane, fo rm aldehyde).
U n fo rtu n a te ly  tim e d id  n o t p e rm it o f  a  more 
d e ta i l e d  exam ination  o f  th e  s u b je c t .  The r e s u l t s  a r e ,  
how ever, to  a  c e r t a in  e x te n t in  l i n e  w ith  th e  co n c lu s io n s  
a lre a d y  draw, a f f e c t in g  m ain ly  th e  s u b s id ia ry  s u r fa c e  
phenomena.
The r e s u l t s  o b ta in e d  le n d  su p p o rt to  th e  view s 
o f  C raxford  and R id ea l a lre a d y  c i t e d  in  t h a t  carbon  
monoxide i s  chem isorbed on th e  c a ta ly s t  s u r fa c e .  So 
f a r  as  th e  r e s u l t s  go, however, th e  carbon  monoxide 
complex does n o t r e v e r t  to  c a rb id e  under th e  ex p e rim en ta l 
c o n d i tio n s . T his complex appears to  f u l f i l  a s im ila r  
fu n c tio n  to  th a t  o f  th e  c a rb id e  p o s tu la te d  by  th e s e  
w o rk e rs .
SniDersitg of ©htsgoto.
H I G H E R  DEGREES & SPE C IA L 
S T U D Y  & RESEA RCH
S ess io n  1 9 3 9 -4 0
H I G H E R  DE G RE ES A N D  S P E C I A L  S T U D Y  
A N D  R E S E A R C H
G e n e r a l  I n f o r m a t i o n  3 6 3
D e g r e e  o f  D o c t o r  o f  L e t t e r s  3 6 4
D e g r e e  o f  D o c t o r  o f  M u s i c  3 6 5
D e g r e e  o f  D o c t o r  o f  M e d i c i n e  3 6 7
D e g r e e  o f  M a s t e r  o f  S u r g e r y  3 6 9
D e g r e e  o f  D o c t o r  o f  S c i e n c e  3 7 1
D e g r e e  o f  D o c t o r  o f  S c i e n c e  i n  P u b l i c  H e a l t h  3 7 3
D e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  3 7 4
R e s e a r c h  S t u d e n t s  3 7 5
C a r n e g i e  T r u s t  :  S c h o l a r s h i p s  3 7 7
F e l l o w s h i p s  3 7 9
G r a n t s  i n  A i d  o f  R e s e a r c h  3 8 0
T e a c h i n g  F e l l o w s h i p s  3 8 2
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G E N E R A L  I N F O R M A T I O N
H i g h e r  Degrees
The University awards the higher degrees of Doctor of Letters (D.Litt.) 
and Doctor of Music (D.Mus.) in the Faculty of Arts, Doctor of Medicine 
(M.D.) and Master of Surgery (ChiM.) in the Faculty of Medicine, Doctor 
of Science (D.Sc.) in the Faculties of Science and Engineering, and 
Doctor of Philosophy (Ph.D.) in all Faculties.
The regulations governing these degrees are printed below. Candi­
dates for any higher degree are required to submit a thesis embodying 
original work ; candidates for the degrees of Doctor of Medicine, Master 
of Surgery and Doctor of Music are also required to submit to examina­
tion and candidates for any other higher degree may be required to do so. 
For tho degrees of Doctor of Medicine and Master of Surgery only Bach­
elors of Medicine of this University, and for the degree of Doctor of 
Science in Public Health only Bachelors of Science in Public Health of 
this University, may be candidates, and no residence is required for 
these degrees. The degrees of Doctor of Letter's and Doctor of Science 
are open both to graduates in Arts or Pure Science or Engineering with 
Honours of this University, of whom no further residence is required, 
and to other graduates of this University, or graduates of other Univer­
sities, who have spent a prescribed period as Research Students in this 
University. The degree of Doctor of Music is open both to Bachelors of 
Music with Honours of this University, of whom no further residence is 
required, and to Bachelors of Music of other Universities who have spent 
a prescribed period as Research Students in this University. The degree 
of Doctor of Philosophy is open to graduates of this University or of 
other Universities ; all candidates are required to spend a prescribed 
period as Research Students in this University.
The conditions under which candidates are admitted to the status of 
Research Student are printed below, p. 375. The fees payable by 
Research Students, in addition to the normal matriculation fee of 
£2 12s. 6d. a year, are £5 5s. a year in the Faculties of Arts, Divinity 
and Law and £10 10s. a year in the Faculties of Medicine, Science and 
Engineering.
Enquiries regarding admission to the status of Research Student 
should be addressed to the Clerk of Senate.
D ip lo m as  and  C e r t i f ica te s  fo r  P o s t-g ra d u a te  S tu d y  in A r ts
Graduates and other advanced students may be candidates for the 
Diploma and the Certificate of Proficiency awarded for special study in 
the Faculty of Arts. The Diploma is intended for Honours graduates 
who have pursued advanced study of a  special subject under the direc­
tion of a Professor or Lecturer, the Certificate for others who have 
attended one of the regular advanced courses provided in the Faculty. 
The minimum period of study required either for the Diploma or for the 
Certificate is one year ; in addition to the normal matriculation fee, 
candidates are required to pay a tuition fee of five guineas a year and an 
examination fee of two guineas. The regulations are printed in the 
syllabus of the Faculty of Arts (see p. 161).
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I. D E G R E E  O F  D O C T O R  O F  L E T T E R S
The Degree of Doctor of Letters is awarded under Ordinance XXVI 
(Glasgow No. 7), which came into force on 26th September, 1908. The 
following are the relevant provisions of the Ordinance :
VII. Graduates who have obtained any degree in the University of 
Glasgow, and who have either before or after graduation passed the 
Examination in an Honours Group f o r  the Degree in Arts, or the Final 
Science Examination for the degree in Pure Science or in Engineering 
with Honours may offer themselves for the degree of Doctor of Letters 
(D.Litt.) after the expiry of five years from the date of their graduation.
VIII. Research Students as aforesaid, who have prosecuted in the 
University of Glasgow some special study under Ordinance No. 61 
(General, No. 23—Regulations for the Encouragement of Special 
Study and Research, and for the appointment of Research Fellows), 
may offer themselves for the degree of Doctor of Letters ; provided—
(1) That they have obtained a degree in any Scottish University, or a 
degree in another University specially recognised by the University 
Court for the purpose of this section, which the Senatus shall doom to be 
equivalent to the corresponding degree in the University of Glasgow ; 
and provided that candidates who have obtained any such degree in a 
University outside the United Kingdom so recognised may be required 
if the Senatus think fit, before beginning their course as Resoarch 
Students with a view to the degree of Doctor of Letters, to pass an 
examination equivalent to an Honours Examination in a group of sub­
jects cognate to their line of work as Research Students.
(2) That they have spent not less than two terms in each of two 
academical years, or an equivalent period, as Research Students in the 
University of Glasgow, and produce to the Senatus evidence of satisfac­
tory progress in the special study undertaken by them during that 
period.
(3) That a  period of not less than five years shall have elapsed from 
the date of the graduation required in sub-section (1) of this section.
IX. All candidates for the degree of Doctor of Letters shall present a 
thesis or a  published memoir or work, which shall be an original contribu­
tion to loarning in relation to literature or to philosophy, to be approved 
by the Senatus on the recommendation of a Special Committee appointed 
by the Senatus ; provided that, if required by the Senatus, a  candidate 
shall also be bound to pass such an examination, conducted orally or 
otherwise, on the subjects of his special study, or his thesis, or memoir or 
work, as may from time to time be determined. The thesis or memoir 
or work shall be accompanied by a  declaration signed by the candidate 
that it has been composed by himself. If  the thesis has not already been 
published, it shall be published by the candidate in such a manner as 
the Senatus shall approve, and a  copy thereof shall be deposited by the 
candidate in the University Library.
X. Notwithstanding, and in supplement of the provisions of Ordinance 
No. 13 (General, No. 8—Regulations as to Examinations), Sections 
XIV and XV, the Senatus shall appoint such Professors of Lecturers in 
the University as it may think suitable to examine the theses and to 
conduct the examination of candidates who may offer themselves under
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the provisions of Ordinance No. 12 (General, No. 7, Regulations for 
Degrees in Science) or of Ordinance No. 23, Glasgow No. 2—Regulations 
for Degrees in Engineering, Science or of this Ordinance, for the degree 
of Doctor of Letters...;  and the University Court shall, after consultation 
with the Senatus, appoint one or more additional Examiners to act along 
with them in adjudicating on the merits of the candidates. Every such 
additional Examiner shall be a  person of recognised eminence in the 
subject of the thesis or memoir or work which is to be submitted for 
approval, and may be a  Professor or Lecturer in any Scottish University 
other than the University of Glasgow. The result of the examination 
and adjudication shall be reported to the appropriate Faculty or Special 
Committee of Senatus, who shall if they think fit make a recommenda­
tion thereon to the Senatus ; and no candidate shall be approved for 
the degree unless the Senatus is satisfied that his work is of distinction 
as a record of original research undertaken by himself, or of important 
engineering work designed by himself and actually carried out, or as an 
original contribution to learning.
SU P P L E M E N T A R Y  R E G U L A T IO N S
1. The thesis should be presented in the form of a single memoir or 
writing containing a  connected account of the candidate’s research or 
work. Detached papers under various headings will not be regarded as 
a sufficient substitute, unless they are accompanied by a separate state­
ment, composed by the candidate, giving a  full account of the methods, 
results and conclusions of the research or work on which his candidature 
is based.
Along with this thesis each candidate must submit a resume of it, 
stating what is claimed as original in it, and a  bibliography.
2. .Only in exceptional circumstances and with the express permission 
of the Senatus may a  thesis not already printed and published be sub­
mitted for the degree.
3. Candidates who have been awarded a Certificate of Proficiency in 
the subjects of an Honours Group will be regarded as having “ passed 
the Examination in an Honours Group ” for the purpose of proceeding 
to the degree of D.Litt.
4. The copies of theses submitted by candidates, whether the theses 
are approved for the degree or not, shall become the property of the 
University.
1. D E G R E E  O F  D O C T O R  O F  M U S I C
The Degree of Doctor of Music was instituted by Ordinance CLXXIII 
(Glasgow No. 42) ; the following are the sections of that Ordinance 
which govern the award of the Degree.
XI. (1) Bachelors of Music of the University of Glasgow, who have 
taken Honours either before or after graduation, may offer themselves 
for the degree of Doctor of Music (D.Mus.), after the expiry of five years 
from the date of their graduation.
(2) Bachelors of Music of other Universities recognised for the pur­
pose by the University Court after consultation with the Senatus may 
offer themselves for the degree of Doctor of "Music, after the expiry of
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five years from the date of their graduation, provided they have spent not 
less than three years as Research Students in the University of Glasgow, 
under Ordinance No. 61 (General, No. 23), and produce to the Senatus 
evidence of satisfactory progress in the special study undertaken by them 
during that period.
XII. The Degree shall be given in three Departments, and candidates 
may present themselves in one or more of these Departments.
The Departments shall be those of :
(a) Composers ;
(b ) Executants ;
(c) Theorists or Historians.
C o m p o s e r s
XIII. (1) Candidates for the Degree of Doctor of Music as Composers 
shall submit a  prescribed number of original works in accordance with 
regulations to be prescribed by the Senatus.
Compositions must be accompanied by a  declaration signed by the 
candidate that they are his own unaided work, and that no portion has 
been submitted previously to any University.
(2) Candidates in this department shall also be examined in the 
following subjects :
(a) Eight-part Harmony and Counterpoint;
(ft) Canon and Double Counterpoint in four parts, and Fugue in 
five parts ;
(c) Scoring for full Orchestra ;
( d )  Historical Knowledge.
E x e c u ta n t s
XIV. (1) Candidates for the Degree of Doctor of Music as Executants 
shall be required to pass a test of a wide repertoire of concert works in 
accordance with regulations to be prescribed by the Senatus.
(2) Candidates in this department must also qualify for the optional 
subject set forth in VI (8), and may also be required to pass an examina­
tion in any or all of the subjects prescribed for candidates for the Degree 
of Doctor of Music as Composers in accordance with regulations to be 
prescribed by the Senatus.
T h e o r i s t s  o r  H i s t o r i a n s
XV. (1) Candidates for the Degree of Doctor of Music as Theorists or 
Historians shall present, in accordance with regulations to be prescribed 
by the Senatus, one or more treatise on Theoretical or Historical sub­
jects. Such treatises must be the result of original thought and re­
search, not merely abstracts or compilations of existing works.
Each treatise must be accompanied by a  declaration signed by the 
candidate that it is his own unaided work and that it has not been sub­
mitted to any other University.
(2) Candidates in this department may also be required to pass an 
examination in any or all of the subjects prescribed for candidates for 
the Degree of Doctor of Music as Composers, in accordance with regula­
tions to be prescribed by the Senatus.
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SU PP L E M E N T A R Y  R E G U L A T IO N S
1. Executants. Each candidate must submit, not later than six weeks 
before the examination, an extensive list of works which he professes ; 
if the list is approved, he will be informed, a month before the examina­
tion, of not more than four works which he will be required to perform. 
Violinists and violoncellists must include one or more of the unaccom­
panied sonatas or suites of J. S. Bach ; candidates who profess instru­
ments other than pianoforte, violin, violoncello or organ must include 
concertos and chamber works ; vocalists must include roles in opera and 
oratorio.
2. Theorists and Historians. Before submitting a treatise, candidates 
must submit a precis indicating its scope and general character ; a 
treatise may not be submitted until the precis has been approved.
3. D E G R E E  O F  D O C T O R  O F  M E D I C I N E
The following regulations for the award of the degree of Doctor of 
Medicine are contained in Ordinance XXXI (Glasgow No. 9).
XXII. (1) Subject to the conditions hereinafter specified, the Degree 
of Doctor of Medicine may be conferred on any candidate who has ob­
tained the Degrees of Bachelor of Medicine and Bachelor of Surgery of 
the University of Glasgow, and is of the age of twenty-four years or 
upwards, and has produced a  certificate showing that, after having 
received the degrees of Bachelor of Medicine and Bachelor of Surgery, 
he has been engaged for at least one year in attending the Medical Wards 
of a Hospital or in scientific work bearing directly on his profession, such 
as is conducted in the Research Laboratories of the University, or in the 
Naval, Military, Colonial, or Public Health Medical Services, or has been 
engaged for a t least two years in Practice other than Practice restricted 
to Surgery.
(2) Each candidate for the degree of Doctor of Medicine shall be 
required to pass an examination in Clinical Medicine or in such special 
department of Medical Science or Practice professed by the candidate 
as the Senatus, on the recommendation of the Faculty of Medicine, may 
approve ; and he may be admitted to the examination a t such time, not 
sooner than one year after he has received the degrees of Bachelor of 
Medicine and Bachelor of Surgery, as the Senatus may appoint for the 
purpose.
(3) Each candidate for the degree of Doctor of Medicine shall submit 
for the approval of the Faculty of Medicine a thesis on any branch of 
knowledge, comprised in the several divisions of the Examination for 
the degrees of Bachelor of Medicine and Bachelor of Surgery, which he 
may have made a subject of special study, excepting a  subject that is 
exclusively surgical ; and the thesis, accompanied by a declaration 
signed by the candidate that the work has been done and tho thesis 
composed by himself, shall be lodged with the Dean of the Faculty of 
Medicine on or before a date to be fixed by the Senatus. The faculty 
may, if it sees fit, before approving the thesis, require the candidate to 
present himself for oral or other examination on the subject-matter 
thereof. If  the thesis is, in the judgment of the Faculty, of special merit, 
the Senatus may, on the recommendation of the Faculty, exempt the
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candidate from the whole or part of the examination prescribed in sub­
section 2 of this Section.
(4) A Bachelor of Medicine and Bachelor of Surgery, who produces to 
the Senatus satisfactory evidence of his intention of entering within 
twelve months after obtaining such degrees on the practice of his pro­
fession in a British Possession or Colony, or in a  Foreign Country, may, 
under such conditions as the Senatus may from time to time prescribe, 
be admitted to the examination in Clinical Medicine or in a special de­
partment of Medical Science or Practice prescribed in sub-section 2 of 
this Section at such time after he has received such degrees as the Senatus 
may appoint for the purpose : provided always that in special'circum­
stances the Senatus may, if it sees fit, on the recommendation of the 
Faculty of Medicine, exempt him from the whole or part of the Examina­
tion ; but the degreo of Doctor of Medicine shall not be conferred on 
him unless he shall produce a  certificate showing that, after having re­
ceived the degrees of Bachelor of Medicine and Bachelor of Surgery, he 
has been engaged for a t least one year in attending the Medical Wards of 
a  Hospital or in scientific work bearing directly on his profession, such 
as is conducted in the Research Laboratories of the University, or in 
the Naval, Military, Colonial or Public Health Medical Services, or for 
a t least two years in Practice other than Practice restricted to Surgery, 
and unless his thesis, in the judgment of the Faculty of Medicine, is of 
special merit.
S U P P L E M E N T A R Y  R E G U L A T IO N S
1. The Examination in Clinical Medicine shall for each candidate con­
sist of a written Report and Commentary, with any oral questions that 
may be considered desirable, upon a t least three medical cases. In the 
selection of the cases, special regard shall be given to the opportunities 
they afford for testing the candidate, not only in the ordinary methods 
of clinical investigation, but also in the more advanced methods requiring 
practical knowledge in the applications of the ophthalmoscope and 
laryngoscope, the chemical and microscopical examinations of excreta, 
the quantitative determination and microscopic characters of the chief 
constituents of blood possessing clinical importance, the recording by 
instruments of the condition of the circulation, and the applications of 
electricity.
A candidate who elects to be examined in a  special department of 
Medical Science or Practice will be expected to show high proficiency in 
it. The special departments from which the subject of examination 
may be selected are the following :
Diseases of Women ;
Diseases of Children ;
Mental Diseases;
Zymotic Diseases ;
Diseases of the Eye ;
Diseases of the T hroat;
Diseases of the Ear ;
Diseases of the Skin ;
Midwifery ;
Tropical Diseases.
The Clinical Examinations will be held twice in each year, about the
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middle of September and about the middle of March. Candidates are 
required to enter their names not later than loth August for the Sep­
tember, and not later than 15th February, for the March Examinations. 
Entry forms may be obtained from the Registrar.
2. No thesis will be approved unless it gives evidence of original 
observation, or, if it deals with the researches of others, gives a  full 
statement of the literature of its subject with accurate references and 
critical investigation of the views or facts cited : mere compilations will 
in no case be accepted.
A thesis submitted for the degree must be a  dissertation written for 
the purpose, provided that the results of original observations already 
published in medical or scientific journals or in the transactions of 
learned societies or otherwise may be accepted in place of such a disserta­
tion.
3. The subject-matter of the thesis submitted by a candidate who 
elects to be examined in a special department of Medical Science or 
Practice must be cognate to that special department.
4. Three grades of distinction are awarded for the excellence of theses 
submitted for the degree—Commendation, High Commendation and 
Honours. A candidate who has been awarded Honours for his thesis 
will be exempted from the clinical examination prescribed in sub-section 
2 above.
5. The copies of theses submitted by candidates, whether the theses are 
approved for the degree or not, shall become the property of the Univer­
sity.
4. D E G R E E  O F  M A S T E R  O F  S U R G E R Y
The following regulations for the award of the degree of Master of 
Surgery are contained in Ordinance XXXI (Glasgow No. 9).
XXIII. (1) Subject to the conditions hereinafter specified the degree 
of Master of Surgery may be conferred on any candidate who has ob­
tained the degrees of Bachelor of Medicine and Bachelor of Surgery of 
the University of Glasgow, and is of the age of twenty-four years or 
upwards, and has produced a certificate showing that, after having 
received the degrees of a Bachelor of Medicine and Bachelor of Surgery, 
he has been engaged for a t least one year in attending the Surgical 
Wards of a Hospital or in scientific work bearing directly on his pro­
fession, such as is conducted in the Research Laboratories of the 
University, or in the Naval, Military, or Colonial Medical Services, or 
has been engaged for a t least two years in Practice other than Practice 
restricted to Medicine.
(2) Each candidate for the degree of Master of Surgery shall be required 
to pass an examination in the following subjects: Surgical Anatomy, 
Operations upon the dead body, and Clinical Surgery or such special 
department of Surgery professed by the candidate as the Senatus, on 
the recommendation of the Faculty of Medicine, may approve ; and he 
may be admitted to the examination at such time, not sooner than one 
year after he has received the degrees of Bachelor of Medicine and Bach­
elor of Surgery, as the Senatus may appoint for the purpose.
(3) Each candidate for the degree of Master of Surgery shall submit 
for the approval of the Faculty of Medicine a thesis on any branch of 
knowledge, comprised in the several divisions of the Examination for
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the degrees of Bachelor of Medicine and Bachelor of Surgery, which he 
may have made a subject of special study, excepting a subject that is 
exclusively medical ; and the thesis, accompanied by a declaration 
signed by the candidate that the work has been done and the thesis 
composed by himself, shall be lodged with the Dean of the Faculty of 
Medicine on or before a  date to be fixed by the Senatus. The Faculty 
may, if it sees fit, before approving the thesis, require the candidate to 
present himself for oral or other examination on the subject-matter 
thereof. If the thesis is, in the judgment of the Faculty, of special merit, 
the Senatus may, on the recommendation of the Faculty, exempt the 
candidate from the whole or part of the examination prescribed in sub­
section 2 of this Section.
(4) A Bachelor of Medicine and Bachelor of Surgery who produces to 
the Senatus satisfactory evidence of his intention of entering within 
twelve months after obtaining such degrees on the practice of his pro­
fession in a British Possession or Colony, or in a  Foreign Country, may, 
under such conditions as the Senatus may from time to time prescribe, 
be admitted to the examination in the subjects specified in sub-section 2 
of this Section, a t such time after he has received such degrees as the 
Senatus may appoint for the purpose : provided always that in special 
circumstances the Senatus may, if it sees fit, on the recommendation of 
the Faculty of Medicine, exempt him from the whole or part of the 
examination ; but the degree of Master of Surgery shall not be conferred 
on him unless he shall produce a  certificate showing that, after having 
received the degrees of Bachelor of Medicine and Bachelor of Surgery, 
he has been engaged for a t least one year in attending the Surgical Wards 
of a Hospital or in scientific work bearing directly orf his profession, such 
as is conducted in the Research Laboratories of the University, or in the 
Naval, Military, or Colonial Medical Services, or for a t least two years in 
Practice other than Practice restricted to Medicine, and unless his thesis 
in the judgment of the Faculty of Medicine is of special merit.
S U P P L E M E N T A R Y  R E G U L A T IO N S
1. The Examination in Clinical Surgery shall for each candidate 
consist of a  written Report and Commentary, with any oral questions 
that may be considered desirable on a t least three surgical cases.
One of the three surgical cases on which a  candidate is examined shall, 
if the candidate on entering his name for the Examination declares a 
wish to that effect, be from one of the following departments, namely, 
Surgical Diseases of Women; Diseases of the Throat, Diseases of the Eye, 
Diseases of the Ear. Should the candidate specialise in one of these 
departments he will be expected to show high proficiency in it.
The Clinical Examination will be held twice in each year, about the 
middle of September and about the middle of March. Candidates must 
enter their names not later than 15th August for the September, and not 
later than 15th February for the March Examination. Entry forms may 
be obtained from the Registrar.
2. Three grades of distinction are awarded for the excellence of theses 
submitted for the degree—Commendation, High Commendation and 
Honours. A candidate who has been awarded Honours for his thesis will 
be exempted from the clinical examination prescribed in sub-section 2 
above.
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5. D E G R E E  O F  D O C T O R  O F  S C I E N C E
The degree of Doctor of Science is awarded under Ordinance XXVI 
(Glasgow No. 7), which came into force in September, 1908. The fol­
lowing are the relevant provisions of that Ordinance, with the amend­
ments made in subsequent Ordinances.
I. Graduates who have obtained any degree in the University of 
Glasgow, and who have either before or after graduation passed the 
Examination in an Honours Group for the degree in Arts, or the Final 
Science Examination for the degree in Pure Science or in Engineering 
with Honours, may offer themselves for the degree of Doctor of Science 
(D.Sc.) after the expiry of five years from the date of their graduation.
II. Research Students within the meaning of Ordinance No. 61 
(General No. 23—Regulations for the Encouragement of Special Study 
and Research and for the Appointment of Resoarch Fellows), who have 
prosecuted in the University of Glasgow (or in a  College affiliated there­
to) some special study or resoarch under that Ordinance, may offer 
themselves for the degree of Doctor of Science : provided :
(1) That they have obtained a degree in any Scottish University, 
or a degree in another University specially recognised by the Univer­
sity Court for the purpose of this section which the Senatus shall deem 
to be equivalent to the corresponding degree in the University of 
Glasgow ; and provided that candidates who have obtained any such 
degree in a University outside the United Kingdom so recognised 
may be required, if the Senatus think fit, before beginning their course 
as Research Students with a view to the degree of Doctor of Science, 
to pass an examination equivalent to an Honours or to a  Final Science 
Examination in a group of subjects cognate to their line of work as 
Research Students.
(2) That they have spent not less than two terms in each of two 
academical years, or an equivalent period, as Research Students in 
the University of Glasgow (or in a College affiliated thereto), and that 
they produce to the Senatus evidence of satisfactory progress in the 
special study or research undertaken by them during that period.
(3) That a period of not less than five years shall have elapsed from 
the date of the graduation required in subsection (1) of this section.
III. All candidates for the degree of Doctor of Science shall present 
a thesis or a published memoir or work, to be approved by the Senatus 
on the recommendation of the Faculty of Science ; provided that, 
if required by the Senatus, the candidate shall also be bound to pass 
such an examination conducted orally or practically, or by written 
papers, or by all of these methods, on the subjects of his special study 
or of his thesis, memoir, or work, as may from time to time be deter­
mined. The thesis shall be a record of original research in relation to 
science undertaken by the candidate, or of some important engineering 
work designed by the candidate and actually carried out, and shall be 
accompanied by a declaration signed by him that the work has been 
done and the thesis composed by himself. I f  the thesis has not already 
been published, it shall be published by the candidate in such manner as 
the Senatus shall approve, and a copy thereof shall be deposited by the 
candidate in the University Dibrary.
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X. Notwithstanding, and in supplement of the provisions of Ordin­
ance No. 13 (General, No. 8—Regulations as to Examinations), Sections 
XIV and XV, the Senatus shall appoint such Professors or Lecturers in 
the University as it may think suitable to examine the theses and to 
conduct the examination of candidates who may offer themselves under 
the provisions of Ordinance No. 12 (General, No. 7—Regulations for 
Degrees in Science) or of Ordinance No. 23 Glasgow, No. 2—Regulations 
for Degrees in Engineering Science, or of this Ordinance, for the degree 
of Doctor of Science . . . ; and the University Court shall, after consulta­
tion with the Senatus, appoint one or more additional Examiners to 
act along with them in adjudicating on the merits of the candidates. 
Every such additional Examiner shall be a person of recognised emin­
ence in the subject of the thesis or memoir or work which is to be sub­
mitted for approval, and may be a Professor or Lecturer in any Scottish 
University other than the University of Glasgow. The result of the 
examination and adjudication shall be reported to the appropriate 
Faculty or Special Committee of Senatus, who shall if they think fit 
make a recommendation thereon to the Senatus ; and no candidate 
shall be approved for the degree unless the Senatus is satisfied that his 
work is of distinction as a record of original research undertaken by 
himself, or of important engineering work designed by himself and 
actually carried out, or as an original contribution to learning.
S U P P L E M E N T A R Y  R E G U L A T IO N S
1. The thesis should be presented in the form of a single memoir or 
writing containing a  connected account of the candidate’s research or 
work. Detached papers under various headings will not be regarded as a 
sufficient substitute, unless they are accompanied by a separate state­
ment, composed by the candidate, giving a full account of the methods, 
results, and conclusions of the research or work on which his candidature 
is based.
2. A thesis presented for the degree of Doctor of Science in Engin­
eering must be a record of original research undertaken by the candidate, 
or of important engineering work designed by himself and actually 
carried out, and must be accompanied by a declaration signed by him 
that these conditions have been satisfied. “ Important engineering 
work ” has been defined by the Senatus as work involving the applica­
tion of some new scientific principle, or a new application of known 
scientific principles, to engineering design and/or construction; work 
carried out on more or less standard lines, however large, useful or 
successful it may be, will not be regarded as falling within this category.
3. Each candidate must submit two copies of his thesis : both copies, 
whether the thesis is approved for the degree or not, shall become the 
property of the University.
4. Every candidate whose thesis has been approved for the degree 
must, before the degree is conferred upon him, furnish the University with 
a number of copies of his thesis, to be fixed in each case by the Senatus. 
These copies must be either printed or satisfactorily multiplied from a 
typewritten copy.
5. I t  is advisable that a candidate should have published the main 
original features of his thesis before submitting it for the degree.
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6. Candidates who have been awarded a Certificate of Proficiency in 
the subjects of an Honours Group will be regarded as having “ passed 
the Examination in an Honours Group ” for the purpose of preceding to 
the degree of D.Sc.
6. D E G R E E  O F  D O C T O R  O F  S C I E N C E  I N  P U B L I C  
H E A L T H
The regulations for the award of the degree of Doctor of Science in 
Public Health are contained in Ordinance VI (Glasgow No. 2). which 
came into force in May, 1903. The relevant provisions of the Ordinance 
are :
X. Graduates who have held the degree of Bachelor of Science in 
Public Health from the University of Glasgow for a  term of five years, 
may offer themselves for the degree of Doctor of Science in Public Health 
in the said University.
XI. Each candidate for the degree of Doctor of Science in Public 
Health shall present a  thesis or a published memoir or work to be ap­
proved by the Senatus, on the recommendation of the Faculty of 
Science, and shall also be required to pass an examination in Public 
Health, and in such of its special departments as the Senatus, with the 
approval of the University Court, by regulations framed from time to 
time, shall determine.
The thesis, or published memoir or work, shall be a record of original 
research undertaken by the candidate, and shall be accompanied by a 
declaration, signed by him, that the work has been done, and the thesis 
or memoir composed, by himself.
XII. The Senatus Academicus shall appoint such Professors or Lec­
turers as it may think suitable to conduct the examination of candidates 
who may offer themselves under the provisions of this Ordinance for 
the degree of Doctor of Science, and the University Court shall, after 
consultation with the Senatus Academicus, appoint such additional 
Examiners as they deem necessary to act along with them. Such 
additional Examiners shall be persons of recognised eminence in the 
subject of the thesis, or memoir, or work which is to be submitted for 
approval, and may be Professors or Lecturers in any Scottish University 
other than the University of Glasgow.
XIII. The thesis, memoir, or work submitted by a candidate for the 
degrees of Doctor of Science shall in each case be examined by the addi­
tional Examiner to be appointed by the University Court, as well as by 
the Examiners to be appointed by the Senatus under the provisions of 
Section XII of this Ordinance.
XIV. The result of the examination of the thesis, memoir, or work 
submitted by a  candidate, as well as the result of the Examination 
prescribed under Section X I of this Ordinance, shall be reported to the 
Faculty of Science.
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7. D E G R E E  O F  D O C T O R  O F  P H I L O S O P H Y
Tne degree of Doctor of Philosophy was instituted by Ordinance 
LXXIV (Glasgow No. 21), which came into force in October, 1919. The 
relevant provisions of the Ordinance are as follows :
II. Research Students within the meaning of Ordinance No. 61 
(General No. 23), who have prosecuted in the University of Glasgow, or 
in a College affiliated thereto, a course of special study or research in 
accordance with the provisions of that Ordinance, may offer themselves 
for the degree of Doctor of Philosophy, under the following conditions, 
namely—
(1) That they have obtained a  degree in any Scottish University, 
or in another University or College specially recognised for the pur­
pose of this Section by the University Court on the recommendation 
of the Senatus : provided always that a diploma or certificate recog­
nised in like manner as equivalent to a degree may be accepted in 
place of a degree.
(2) That thoy have prosecuted a course of special study or research 
during a period of three academical years as Research Students in the 
University of Glasgow, or in a College affiliated thereto, and that they 
produce to the Senatus evidence of satisfactory progress in the special 
study or research undertaken by them during that period : provided 
always that the Senatus shall have power, in exceptional cases, to 
reduce the period to two academical years, and to permit a Research 
Student during part of the period to prosecute elsewhere his special 
study or research.
III. All candidates for the degree of Doctor of Philosophy shall present 
a thesis to be approved by the Senatus on the recommendation of a 
Special Committee appointed by the Senatus. The thesis shall embody 
the results of the candidate’s special study or research, and shall be ac­
companied by a declaration signed by the candidate that it has been 
composed by himself. The Special Committee shall always include the 
Professor or other Head of a Department who has been appointed by 
the Senatus to supervise the candidate’s work as a Research Student.
The University Court may, on the recommendation of the Senatus, 
appoint one or more additional Examiners to act along with the Special 
Committee in adjudicating on the merits of the thesis. The Senatus 
may, on the recommendation of the Special Committee, require the 
candidate to present himself for oral or other examination on the sub­
ject-matter of his thesis. A copy of the thesis, if approved, shall be 
deposited by the candidate in the University Library.
S U P P L E M E N T A R Y  R E G U L A T IO N S
1. The Senatus does not recognise as a  Research Student for the pur­
poses of the degree of Ph.D. in the Faculty of Arts any applicant who is 
prevented by professional or other duties from devoting the major part 
of his day during term-time to the object of his research.
2. All copies of theses submitted by candidates, whether the theses 
are approved for the degree or not, shall become the property of the 
University. Candidates in Science and in Engineering are required to
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submit two copies of the thesis : both copies become the property of the 
University.
3. In submitting a thesis a candidate must state, generally in the 
preface and specifically in the notes, the sources from which his informa­
tion is derived, the extent to which he has availed himself of the work 
of others, and the portions of his thesis which he claims as original.
R E S E A R C H  S T U D E N T S
The following are the provisions of Ordinance No. 61 (General No. 
23), by which the admission of Research Students is controlled :
I. I t  shall be in the power of the Senatus Academicus in each Uni­
versity, with the approval of the University Court, to make regulations 
under which graduates of Scottish Universities or of other Universities 
recognised by the University Court for the purposes of this Ordinance, or 
other persons who have given satisfactory proof of general education 
and of fitness to engage in some special study or research, may be ad­
mitted to prosecute such study or research in the University [or in a 
College affiliated thereto '].
II. I t  shall be the duty of the Senatus Academicus in each University :
(1) To receive and decide upon all applications for admission to
prosecute special study or research ;
(2) To prepare a list of all persons so admitted (hereinafter referred
to as Research Students) ;
(3) To make regulations for the supervision of their work ;
(4) To satisfy themselves from time to time that the Research
Students are carrying on their work in the University in a
satisfactory manner ;
(5) To suspend or exclude from any course any student whose con­
duct or progress is unsatisfactory.
III. Every applicant for admission must send in to the Senatus 
Academicus a written application stating any degree or other distinction 
which he has already obtained, the line of study or research which he 
wishes to prosecute, and the probable period of its duration, together 
with evidence as to his character, capacity, and general qualifications.
IV. Any application for admission shall be in the first instance referred 
by the Senatus Academicus to the appropriate Faculty, or to a Committee 
appointed by the Senatus ; one member of the Committee shall always 
be a Professor or Lecturer within whose department the proposed lino of 
study or research falls. No applicant shall be recommended by the 
Faculty or the Committee who has not satisfied them by examination or 
otherwise that he is qualified to prosecute the proposed line of study or 
research, and further:
(а) That his proposed line of study or research is a fit and proper one ;
(б) That he possesses a good general education ;
(c) That he is of good character ;
(d) That he proposes to prosecute his studies or research during a
period to be approved by the Senatus Academicus.
The Faculty or the Committee shall make a report to the Senatus
1 A d d e d  b y  O rd in a n c e  X X X I X  (G lasg o w  N o . 12).
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Academicus upon each application. I t  shall also be their duty, subject 
to the regulations of the Senatus Academicus, to provide for the super­
vision of the Research Student’s work, and to report a t least once a  year 
to the Senatus as to his progress and conduct. The Senatus shall then 
determine whether he shall remain a Research Student.
V. Every Research Student shall be required to matriculate each year, 
paying the ordinary foe.
VI. Research Students shall have access to and the use of the Uni­
versity Laboratories and Museums, under such conditions as to payment 
and otherwise as the University Court, after consultation with the 
Senatus Academicus. may determine.
VII. The title of Research Eellow may be conferred by the Senatus 
Academicus, with the approval of the University Court, on Research 
Students who have shown special distinction. Such titlo shall not of 
itself confer any right to stipend, but it shall be in the power of the Uni­
versity Court to provide a stipend of such amount and for such period as 
it may think fit to any Research Fellow, under the powers of Section XI, 
sub-section 8, of Ordinances numbered 25 and 27, Section X, sub-section 
8, of Ordinance numbered 26, and Section IV, sub-section 2, of Ordinance 
numbered 46.
VIII. (1) The Research Fellows shall be appointed as aforesaid after 
consideration of the report or reports submitted in terms of Section IV 
hereof.
(2) The title of Research Fellow may be conferred either a t the" com­
mencement of the Research Student’s course of study or research, or at 
any time during its progress, as the Senatus Academicus may determine.
(3) Research Fellows shall retain their title and stipend, if any, for 
the period during which they are engaged in special study or research in 
the University, and no longer.
(4) Research Students who have been appointed Resoarch Fellows 
shall continue to be subject to the conditions above prescribed as to the 
supervision of their work, and the reports to be made thereon.
IX. Nothing heroin contained shall prejudice the right of Research 
Students to such Fellowships, Scholarships, or prizes as may be open to 
them by Ordinance or Deed of Foundation.
X. The University Court may, subject to the provisions of Section XI, 
sub-section 8, of Ordinances numbered 25 and 27, Section X, sub-section 
8, of Ordinance numbered 26, and Section IV, sub-section 2, of Ordin­
ance numbered 46, provide such sums as it may think fit in aid of the 
expenses of special study or Research.
S U P P L E M E N T A R Y  R E G U L A T IO N S
1. Application for admission to the status of Research Student must 
be made to the Clerk of Senate on the prescribed form.
2. A Research Student must in person report his attendance to the 
supervisor of his research, or to the Clerk of Senate, at least once a week 
in term-time, except during periods when, with the permission of the 
Senatus, he is prosecuting his special study or research elsewhere than 
in the University or in a College affiliated thereto.
3. A Research Student may, with the sanction of his supervisor, attend 
classes in the University as a Private Student (see p. 84) but he shall not
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be eligible for prizes in classes so attended and his attendance shall not 
qualify for graduation.
4. Each Research Student who is carrying out his work in a laboratory 
shall make payment of a sum which is estimated by the Professor in 
charge of the laboratory as sufficient to cover the ordinary expenses 
incident to the Research Student’s work. The cost of apparatus and 
material beyond what is included in the ordinary operations of the 
laboratory shall be charged to the Student, unless the Professor judges 
that such apparatus and material will be a useful addition to the labora­
tory. But it shall be in the power of each Professor to propose to the 
University Court in any particular case that these payments be remitted 
in whole or in part.
5. All papers arising out of work done in a laboratory shall bo sub­
mitted before publication to the Professor in charge of the laboratory, 
and in all such papers, when they are published, a due recognition of tho 
laboratory shall be inserted.
C A R N E G I E  T R U S T  F O R  T H E  U N I V E R S I T I E S  
O F  S C O T L A N D
E N D O W M E N T  O F  P O S T -G R A D U A T E  S T U D Y  A N D  RESEARCH
The regulations governing the award by the Trust of Scholarships, 
Fellowships and Grants in aid of research, and the award by the Uni­
versity of Carnegie Teaching Fellowships to members of its teaching 
staff, are printed below. Nominations for Scholarships or Fellowships 
and applications for Grants must be lodged not later than 15th March 
with the Secretary of the Trust, Merchants’ Hall, Hanover Street, 
Edinburgh, from whom forms may be obtained. All Scholarships, 
Fellowships and Grants awarded in any year will normally date from 
1st October.
A student who has not graduated but expects to take a degree a t the 
summer or autumn graduation may be nominated for a Scholarship or 
apply for a Research Grant in the preceding March, but will not be eligible 
to receive either until he has graduated.
I. S C H O L A R S H IP S
(a) In Science  and  M edicine  ;
(b )  In H i s to r y ,  Econom ics and  M o d e rn  Languages
a n d  L i t e r a tu r e
I (a) A Scholar in Science or Medicine must be a graduate of a Scottish 
University who desires to devote himself to higher study and research in 
some department of science or medicine.
(6) A Scholar in History, Economics or Modem Languages and 
Literature must be a graduate of a Scottish University, preferably 
with Honours in at least one of the groups : History, Economic Science, 
English, Modern Languages and Literature, who desires, a t home or 
abroad, to devote himself to higher study and investigation within the 
scope of these groups of study.
II. A Scholarship shall ordinarily be tenable for two years, the exten­
sion to a second year being dopendent on the receipt of satisfactory 
reports by the Scholar and from his Supervisor on his work during tho
378 Specia l S tu d y  an d  R esearch
first year ; but it may be renewed for a third year, if the Executive 
Committee deem this expedient, in which case the award is termed a 
Senior Scholarship.
III. A Scholarship shall be of the annual value of £150 for each of the 
two years for which it is ordinarily tenable. I t  may be extended to a 
third year, in which case the value will be £175 per annum. I t  shall be 
payable by quarterly instalments in advance, the second and subsequent 
instalments being payable on the receipt of a satisfactory report by the 
Scholar and a certificate from the authority under whose supervision the 
Scholar has been working. The Executive Committee reserve power to 
suspend or withhold payment, if not satisfied with the progress or conduct 
of the Scholar.
A Scholarship shall not be held along with any other scholarship or 
position of emolument, except with the sanction of the Executive 
Committee.
In the event of a  candidate holding or obtaining any other scholarship 
or position of emolument, the Executive Committee may, in place of 
granting or continuing to grant a  Carnegie Scholarship, supplement the 
amount of such scholarship or emolument so as to bring the income up 
to the value of the Carnegie Scholarship a t least, the candidate thereby 
ranking, and coming under the same regulations, as a  Carnegie Scholar.
IV. A Scholar shall ordinarily be expected to devote his whole time 
to the purpose for which the Scholarship is awarded. I f  he purposes'to 
undertake other work during his tenure of the Scholarship, he must 
define such work precisely, and obtain the sanction of the Executive 
Committee.
V. A candidate must bo nominated by a Professor or Lecturer in a 
Scottish University, or by a Teacher in Scotland recognised for the pur­
pose of graduation by a Scottish University, under whose supervision, 
unless other supervision be approved by the Executive Committee, he 
shall work during his tenure of the Scholarship.
The Nomination Form, to be signed by the Nominator and the candi­
date, must contain information on the following points, all of which will 
be taken into consideration in estimating the relative claims of candi­
dates :
(1) The age of the candidate, his career as a student, and his knowledge 
of modem languages.
(2) His special fitness for the work proposed.
(3) His programme of study and research during his tenure of the 
Scholarship ; and where and under whose supervision he proposes to 
work.
(4) Whether the candidate proposes to undertake other work during 
his tenure of the Scholarship ; and, if so, the character of the work 
proposed, and the demand on his time which it will involve.
(5) Whether the candidate holds, or expects to hold, any other scholar­
ship or position of emolument ; and, if so, particulars of the amount and 
duration of such scholarship or emolument.
(6) The names of two or more authorities other than the Nominator, 
to whom the Executive Committee may refer as to the qualifications of 
the candidate.
The Nominator must, if required, satisfy the Executive Committee
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that the candidate, if appointed to a Scholarship, will be provided with 
the facilities and supervision necessary for carrying out his programme 
of study and research, and that such information will be furnished on his 
progress and conduct as may seem expedient to the Executive Com­
mittee.
VI. By accepting a  Scholarship a Scholar comes under an obligation 
to pursue the programme of research which has been approved by the 
Executive Committee, and to submit such reports on the progress of 
his work as the Executive Committee may require.
2. F E L L O W S H IP S
• (a)  In Science  a n d  Medicine ;
(b )  In H is to ry ,  Econom ics  and  M odern  Languages 
a n d  L i t e r a tu r e
I ( a )  A Fellow in Science or Medicine must be a graduate of a Scottish 
University who has given evidence, preferably by work already pub­
lished, of capability to advance science or medicine by original research, 
and who desires to devote himself further to this work.
(6) A Fellow in History, Economics or Modern Languages and Litera­
ture must be a graduate of a Scottish University, preferably with 
Honours in a t least one of the groups : History, Economic Science, 
English, Modern Languages and Literature, who desires to investigate 
a t first-hand, at home or abroad, some historical, social, economic, or 
educational problem or factor of modem civilisation, and who can give 
evidence by his previous career and general culture, and also preferably 
by work already published, of capability to advance knowledge by his 
proposed investigation.
II. A Fellowship shall ordinarily be tenable for two years, the exten­
sion to a  second year being dependent on the receipt of a satisfactory 
report by the Fellow on his work during the first year ; but it may be 
renewed for a third year, if the Executive Committee deem this ex­
pedient.
III. A Fellowship shall be of the annual value of £250, exclusive of 
such special expenses in connection with his research as the Executive 
Committee may allow. Payment shall be made by half-yearly instal­
ments in advance ; but the Executive Committee reserve power to 
suspend or withhold payment, if not satisfied with the progress or con­
duct of the Fellow.
A Fellowship shall not be held along with any other fellowship or 
position of emolument, except with the sanction of the Executive 
Committee.
In the event of a candidate holding or obtaining any other fellowship 
or position of emolument, the Executive Committee may, in place of 
granting or continuing to grant a Carnegie Fellowship, supplement the 
amount of such fellowship or emolument so as to bring tho income up to 
£250 a t least, the candidate thereby ranking, and coming under the 
same regulations, as a Carnegie Fellow.
IV. A Fellow shall ordinarily be expected to devote his whole time 
to the purpose for which the Fellowship is awarded. If he proposes to 
undertake other work during his tenure of the Fellowship, he must define 
such work precisely, and obtain the sanction of the Executive Com­
mittee.
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V. A candidate must be nominated by a  University Professor, or other 
Head of a University Department.
The Nomination Form, to be signed by the Nominator and the candi­
date, must contain information on the following points, all of which 
will be taken into consideration in estimating the relative claims of 
candidates :
(1) His age, his career as a student, and his knowledge of modern 
languages.
(2) His special fitness to conduct the research proposed, and his 
previous experience, along with any published accounts of work already 
done.
(3) His programme of research during his tenure of the Feflowship ; 
where he proposes to work ; and his prospective occupation after the 
Fellowship has expired.
(4) Whether he proposes to undertake other work during his tenure 
of the Fellowship ; and, if so, the character of the work proposed, anil 
the demand on his time which it will involve.
(5) Whether he holds, or expects to hold, any other fellowship or 
position of emolument; and, if so, particulars of the amount and dura­
tion of such fellowship or emolument.
(6) The names of two or more authorities, other than the Nominator, 
to whom the Executive Committee may refer as to his qualifications.
(7) An estimate, as detailed as is possible, of special expenses, if any, 
required in connection with the research he proposes to undertake.
VI. By accepting a  Fellowship a  Fellow comes under an obligation to 
submit such reports on the progress of his work as the Executive Com­
mittee may require.
The publication, in some form, of an account of the results of his 
research will be expected.
3. G R A N T S  IN  A ID  O F  RESEARCH
I. An applicant for a Research Grant must be a Scottish University 
Graduate resident in Scotland, or an actual member of the staff of one 
of the Universities or Colleges in Scotland receiving Grants from the 
Trust.
II. An applicant must furnish the Executive Committee with informa­
tion on the following points, all of which will be taken into consideration 
in estimating the relative claims of applicants :
(J) His experience in research, with copies of or references to any 
published papers, or, if he has no papers to offer, with references to two 
or more authorities who are acquainted with his qualifications for 
research.
(2) The nature of the research in which he desires to engage, and the 
results expected to follow therefrom.
(3) The period over which the proposed research is likely to extend, 
and the approximate amount of time which he expects to be able to 
devote to it.
(4) A statement of special requirements for the proposed research, 
with a detailed estimate of the cost. .......
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(5) Whether he has received, or is receiving, any grant from any 
other source for the same object; and if so, what results have already 
ensued from his investigations.
III. A Research Grant is not intended (1) to take the place of such 
provision as should be made by the University Courts out of the Grants 
for Permanent Equipment under the Scheme of “ Grants for five years to 
the four Universities of Scotland,” or (2) to provide minor apparatus or 
research materials or instruments which should form part of the equip­
ment of a  Laboratory appropriate to the investigation, or (3) to relieve 
periodicals of the normal charges involved in publishing the results of 
researches.
IV. Grants are not applicable to the payment of salaries, wages, or 
honoraria, except in so far as they may be assigned for a specific purpose, 
as, for example, the cost of preparing necessary illustrations as specified 
in the application and approved by the Executive Committee. Such 
illustrations may include drawings, photographs, or maps.
V. Grants in aid of illustration may be applied to defray the cost of the 
preparation of process blocks or other means of reproduction, and of tho 
actual printing of the illustration, including any special paper necessary 
for the purpose, but they are not applicable to the cost of printing and 
publishing the letterpress of the publication unless, in exceptional cases, 
special tabular matter is required.
VI. Applications for Grants in aid of Laboratory research, or of the 
adequate publication of its results, must be made by the individual 
workers concerned, and Grants made for specific purposes to one worker 
cannot be utilised by another (whether in the same Laboratory or not), 
without the express consent of the Executive Committee.
VII. An application for a Grant to be used by two or more collaborators 
in the same research must be signed by each ; but they shall appoint 
one of their number who shall be responsible for furnishing the report, 
for receiving and disbursing the money and in general for the conduct of 
the research.
VIII. By accepting a  Grant an applicant comes under an obligation 
to pursue the programme of research which has been approved, and to 
send to the Executive Committee a report containing (a) a brief state­
ment (not necessarily for publication) showing the results arrived at, or 
the stage which the inquiry has reached ; (6) a  statement of the expendi­
ture incurred ; and (c) copies of or references to any papers in which 
results of the research have been printed.
The Executive Committee expect that in every case the results of the 
research will be published in some form. Copies of the published 
records of all work carried out with the aid of a Grant must be forwarded 
to the Offices of the Trust without delay.
IX. Instruments of permanent value purchased by means of the Grant 
shall remain the property of the Trust, but at the conclusion of the 
research, or a t such other time as the Executive Committee may deter­
mine, they shall be placed under the care and a t the disposal of the 
institution in which the research has been conducted, provided that the 
Executive Committee may, if they see fit, request their return.
X. All Grants awarded in any year shall date from 1st October, unless 
expressly stated otherwise.
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4. C A R N E G IE  T E A C H I N G  F E L L O W S H IP S
The following are the conditions and regulations under which the 
Scottish Universities are authorised to award Carnegie Teaching 
Fellowships to persons appointed University Lecturers or Assistants 
and possessing certain qualifications as research workers, who undertake 
to devote not less than half their time to research.
I. The title shall be “ Carnegie Teaching Fellowships
II. The Fellowships shall be awarded only to Research workers whose 
qualifications are a t least equivalent to those of Research Fellows, and 
who are to hold concurrently with their Fellowships University appoint­
ments as Lecturers or Assistants.
III. Appointments shall be annual, and shall not normally be renewed 
beyond a  period of three years, and in any case not beyond five years.
IV. The names of those who hold these appointments in each Univer­
sity shall be entered officially in the University Calendar.
V. Bach University shall intimate to the Trust, a t as early a  date as 
possible, (1) the name and qualifications of those whom they propose to 
hold appointments as Carnegie Teaching Fellows, (2) the programme of 
Research, and (3) the nature and extent of the teaching duties to be 
undertaken. The appointment of Carnegie Teaching Fellows shall be 
subject to confirmation by the Carnegie Trust, having due regard to 
these particulars.
VI. Persons holding these Fellowships shall devote not less than half 
their time to Research.
VII. Carnegie Teaching Fellows shall pursue the specified programme 
of Research, and shall submit such reports on the progress of their work 
as the Executive Committee of the Trust may require. I t  is expected 
that an account of the results of the Research will be published in some 
form.
VIII. The annual Grants to the Universities, out of which the propor­
tion of salary borne by the Trust shall be paid, shall be continued for a 
period of five years, beginning with 1st October, 1937, and shall be as 
follows : To Glasgow, £1,500 ; to Edinburgh, £1,500 ; to St. Andrews, 
£1,200 ; to Aberdeen, £1,200. Any credit balance unexpended by a 
University, not exceeding £300, and any debit balance not exceeding 
£300, from one year shall be carried forward to the next until the period 
of five years has expired.
IX. Each University shall report annually in detail the manner in 
which the said Grants have been expended.
X. Awards shall not be utilised to make up a small salary for a  young 
graduate entrusted with University teaching of minor importance. 
The salary for Carnegie Teaching Fellows shall be determined by the 
University concerned, and shall in no case be less than £350.
XI. The proportion of the salary to be borne by the Trust shall not 
exceed one-half.
XII. The advantages of the Scheme shall be available in all subjects 
admitted for Fellowships, Scholarships and Grants.
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